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1 IN T R O D U C T IO N
S ou th  A f r i c a  i s  one  o f  t h e  f o re m o s t p r o d u c e rs  o f  m anganese  m e ta l  i n  t h e  
f r e e  w o r ld .  V as t d e p o s i t s  o f  m anganese  o r e  a r e  fo u n d  in  t h e  R e p u b lic ,  
e s p e c i a l l y  i n  t h e  W este rn  C ape. T h e re  a r a  v a r io u s  w ays o f  r e f i n i n g  th e  
o r e  t o  e x t r a c t  t h e  m e ta l ,  b u t  t h e  one m ethod  j n i c h  g iv e s  p e rh a p s  t h e  
p u r e s t  p r o d u c t  i s  e l e c t r o l y t i c  w in n in g . I n  t h i s  m e th o d , an  e l e c t r o l y t e  
s o l u t i o n  c o n ta in i n g  th e  m e ta l  i s  f e a  t o  an  e l e c t r o c h e m ic a l  c e l l  th ro u g h  
w h ich  a  c u r r e n t  i s  p a s s in g .  The p r o d u c t  a t  t h e  c a th o d e  i s  v e ry  p u re  
m anganese  m e ta l .  H a r r i s ,  M eyer and  A uersw ald  (1977 ) g iv e  a  d i s c u s s io n  
o f  t h e  p r o c e s s  a t  t h e  D e l ta  M anganese  p l a n t  i n  N e l s p r u i t ,  S o u th  A f r i c a .  
I t  i s  t h i s  s e lf s a m e  p l a n t  t h a t  i s  m o d e lle d  i n  t h i s  d i s s e r t a t i o n .
To o b t a i n  t h e  e l e c t r o l y t e  i t  i s  n e c e s s a r y  t o  le a c h  t h e  m anganese  o re  w i th  
t h e  r e l e v a n t  a c id .  The e l e c t r o l y t e  i s  n o r m a l ly  a s u lp h a t e  s o l u t i o n ,  a l ­
th o u g h  L e w is , B c a i fe  and  S w in k e ls  (1 9 7 6 ; r e p o r t  m anganese  e l e c t r o w in n in g  
u s in g  a  c h lo r i d e  s o l u t i o n .  I n  t h e  e le c t r o c h e m ic a l  c e l l  t h e  r e a c t i o n  a t  
t h e  a n o d e  r e s u l t s  i n  oxygen  e v o lu t io n ,  l e a v in g  b e h in d  h y d ro g en  io n s  t o  
a s s o c i a t e  w ith  t h e  a n io n s  i n  s o l u t i o n .  The a c id  t h a t  i s  u s e d  i n  t h e  le a c h  
i s  t h e r e f o r e  r e g e n e r a t e d  in  t h e  c e l l s .  The e l e c t r o l y t e  s o l u t i o n  th u s  
f lo w s  i n  a  c lo s e d  c i r c u i t  from  th e  le a c h  ta n k s  t o  t h e  c e l l  h o u se  and  b 'c k  
. 'M in , w i th  some s t e p s  i n  b e tw ee n  f o r  t h e  p u r i f i c a t i o n  o f  t h e  s o l u t i o n .  
A s i m p l i f i e d  f lo w  d ia g ra m  o f  th e  s o l u t i o n  c i r c u i t  i s  p r e s e n te d  in  
F ig u re  1 on p a g e  3 show ing  t h e  a r e a s  o f  m a jo r  i n t e r e s t .  I d e a l l y  th e n ,  
t h e r e  s h o u ld  b e  no  ne ed  f o r  f r e s h  a c i d ,  a l th o u g h  i n  p r a c t i c e  a c id  g e ts  
l o s t  i n  t h e  p u r i f y in g  s t e p s . Ammonium s u lp h a t e  i s  a l s o  a dded  t o  t h e  
e l e c t r o l y s e  s o l u t i o n .  I t  d o e s  n o t  become d i r e c t l y  in v o lv e d  w i th  any o f  
t h e  r e a c t i o n s  b u t  h a s  some im p o r ta n t  f u n c t i o n s :  i t  b u f f e r s  t h e
e l e c t r o l y t e  s o l u t i o n  i n  t h e  pH ra n g e  6 - 8 ,  i t  i n c r e a s e s  t h e  c o n d u c t iv i t y  
o f  t h e  s o l u t i o n  in  t h e  c e l l s , i t  a id s  i n  t h e  le a c h in g  o f  t h e  m anganese  
i n  t h e  le a c h  t a n k s ,  and  i t  h e lp s  r e d u c e  th e  p r e c i p i t a t i o n  o f  m anganese
I n t r o d u c t io n
h y d ro x id e  i n  t h e  c e l l s . T h e re  i s  no n e t  p r o c e s s  co n su m p tio n  o r  p r o d u c t io n  
o f  ammonium s u lp h a te  a l th o u g h  t h e r e  e r e  l o s s e s  th r o u g h o u t  t h e  c i r c u i t .
The m anganese  o r e  i s  f i r s t  c a l c in e d  t o  re d u c e  th e  m anganese  from  i t s  
MnOg fo rm  t o  MnQ s o  t h a t  i t  c an  b e  le a c h e d . A f t e r  t h e  r e d u c t io n  t h e  
m anganese  i s  m o s t ly  p r e s e n t  a s  MnO w i th  some a d d i t i o n a l  The red u c ed
o r e  c o n ta in s  a p p ro x im a te ly  54% w/w o f  m a n g an e se , c f a i r  am ount o f  i r o n  
( f e r r o u s ) ,  and  t r a c a  am ounts o f  e le m e n ts  su c h  a s  c o b a l t ,  n i c k e l  e t c .  Th* 
r e m a in d e r  o f  t h e  o r e  i s  a gan g u e  o f  s i l i c a t e s . The m e ta l  im p u r i t i e s  a re  
a l s o  le a c h e d  in to  th e  s o l u t i o n  and h av e  a  la r g e  d e l e t e r i o u s  e f f e c t  on th e  
p e rfo rm a n c e  i n  t h e  c e l l s  and  t h e  q u a l^ c y  o f  t h e  m e ta l  p r o d u c t .  T h ese  im­
p u r i t i e s  m u st t h e r e f o r e  be rem oved  from  th e  s o l u t i o n .  The le a c h  i s  k e p t  
a t  a  pH i n  t h e  r a n g e  6 - 7 .  A t lo w e r  pHs v e ry  much more i r o n  i s  le a c h e d . 
The f e r r o u s  io n s  i n  s o l u t i o n  a r e  o x id i s e d  t o  t h e  f e r r i c  fo rm  by  s p a rg in g  
a i r  th r o u g h  th e  t a n k s .  A lum inium  s u lp h a t e  i s  a d d ed  to  rem ove s i l i c a  w hich  
c o - p r e c i p i t a t e s  w i th  h y d r a te d  f e r r i c  c v :id e . A s e t t l i n g  t a n k  i s  th e n  u se d  
t o  s e p a r a t e  t h e  p r e c i p i t a t e a n d  th e  r e r  id u e  gan g u e  from  th e  s o l u t i o n .  
T he u n d e rf lo w  i s  s e n t  t o  a  b e l t  f i l t e r  t o  r e c o v e r  t h e  e l e c t r o l y t e  i t  
c o n t a i n s . I n e f f i c i e n t  w ash in g  and  th e  e n s u in g  e n tra p m e n t o f  s o l u t i o n  in  
t h e  f i l t e r  c a k e  i s  t h e  c a u s e  o f  t h e  m a jo r  l o s s e s  o f  a c id ,  ammonium 
s u lp h a t e  e n d  aan.gan.ese s u lp h a t e  i n  t h e  sy s te m .
I n t r o d u c t io n
[ G a n g u e
C o S .M n S
S e c t i o n
S u ! p h  i d e  
S e c t  1 o n
F ig u re  1 . S o l u t io n  C i r c u i t  D iagram .
I n t r o d u c t io n
The im p u r i t i e s  s t i l l  p r e s e n t  a r e  c o b a l t ,  n i c k e l , z in c  and o th e r  s i m i l a r  
s p e c i e s .  T h e i r  c o n c e n t r a t io n s  a r e  s m a l l ,  t h e  t o t a l  b e in g  l e s s  th a n  50 
ppm, b u t  th e y  h a v e  a  s t r o n g  I n f l u e n c e  on. t h e  c e l l s .  C o b a lt  i n  p a r t i c u l a r  
h a s  t h e  m ost h a rm fu l e f f e c t  and  i n  th e  a n a ly s i s  o f  t h i s  d i s s e r t a t i o n  w i l l  
b e  c o n s id e r e d  a s  r e p r e s e n t a t i v e  o f  a l l  su c h  s p e c i e s .  The s o l u t i o n  i s  
pumped from  th e  b e l t  f i l t e r  t o  th e  c o b a l t  p u r i f i c a t i o n  s t e p .  Ammonium 
s u lp h id e  i s  in t r o d u c e d  in to  t h e  s o l u t i o n .  I t  r e a c t s  w ith  t h e  m e ta l  io n s  
t o  fo rm  in s o l u b le  m e ta l  s u lp h i d e s  w hich  a r e  th e n  s e p a r a t e d  i n  l a r g e  s e t ­
t l i n g  t a n k s .  M ost o f  t h e  m e ta l  s u lp h i d e s  c o n s i s t  o f  MnS, s.". t h i s  i s  a n ­
o th e r  a r e a  w here  m anganese  i s  l o s t .  From th e  s u lp h id e  p r e c i p i t a t i o n  
s e t t l i n g  ta n k s  t h e  o v e rf lo w  i s  s e n t  t o  t h e  c e l l s .
P r e v io u s  w o rk e rs  who r t u d i e d  th e  p r o c e s s  h a v e  c o n c e n t r a te d  on s e p a r a t e  
a r e a s .  B i j s t e r v e l d  (1983 ) exam ined  th e  k i n e t i c s  o f  t h e  s u lp h id e  p r e c i p i ­
t a t i o n  r e a c t i o n s ,  and  i d e n t i f i e d  t h e  m a jo r  s p e c ie s  and  com plexes i n  th e  
s o l u t i o n .  He fo u n d  t h a t  th e  p r e c i p i t a t i o n  r e a c t i o n s  w ere  a u to c a t a l y s e d ,  
and  p ro c e e d e d  r a p i d l y  w i th in  m in u te s .
Jo n e s  (1 9 8 3 )  s tu d i e d  t h e  le a c h  r e a c t i o n s  w i th  r e s p e c t  t o  t h e i r  k i n e t i c s .  
He to o  fo u n d  t h a t  t h e  r e a c t i o n s  w ere  c o m p le te d  w i t h i n  m in u te s .
R o d r ig u e s  (1983 ) a t te m p te d  t o  m odel t h e  p e rfo rm a n c e  o f  t h e  c e l l s .  He d e ­
v e lo p e d  a  k i n e t i c  m odel o f  t h e  c a th o d e  p e rfo rm a n c e , and e x p e r im e n ta l ly  
d e te rm in e d  th e  s o l u t i o n  e q u i l i b r i a  o f  t h e  m ore im p o r ta n t  s p e c i e s  i n  th e  
c e l l  h o u s e . He a l s o  e x te n d e d  th e  w ork do n e  by  B ryson  and  L aw rence  (1980) 
on th e  m ass t r a n s f e r  i n  t h e  membrane o f  a  c h l o r - a l k a l i  c e l l  t o  t h e  p a r ­
t i c u l a r  c a s e  i n  q u e s t io n .  T h is  in f o r m a t io n  was th e n  f i t t e d  to g e th e r  i n t o  
t h e  fram ew ork  fo rm u la te d  by  B ryjO n (1 9 8 1 ) t o  fo rm  a m odel o f  th e  
e le c t r o w in n in g  c e l l s .  U n fo r tu n a te ly  h e  d id  n o t  c o m p le te  th e  v a r io u s  mass 
b a la n c e s  i n  t h e  c e l l  s u c c e s s f u l l y ,  and  t h e r e f o r e  d id  n o t  h av e  a  w o rk a b le
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The sc o p e  o f  t h i s  w ork i s  t o  e s t a b l i s h  t h e  im p o r ta n t  m ass b a la n c e s  i n  t h e  
p l a n t ,  a n d  t o  im p lem en t them  t o g e t h e r  w i th  th e  a p p l i c a b l e  k i n e t i c s  and 
che s o l u t i o n  e q u i l i b r i a  i n t o  a  m odel o f  t h e  e n t i r e  p l a n t ,  T h is  a llo w s  one  
t o  o b t a i n  a  b e t t e r  id e a  o f  th e  i n t e r r e l a t i o n s h i p s  o f  t h e  p r o c e s s ,  and  t o  
o p t im is e  o v e r a l l  p e rfo rm a n c e  i n s t e a d  o f  t h e  p e rfo rm a n c e  o f  e a c h  s e c t i o n .
The m odel i s  d e s ig n e d  t o  fo l lo w  t h e  s t e a d y - s t a t e  b e h a v io u r  o f  t h e  p l a n t .  
As •'•he a c t u a l  p l a n t ,  l i k e  m ost o t h e r  f lo w  p r o c e s s e s  i n  t h e  w o r ld , h a s  
su rg e  a n d  s to r a g e  ta n k s  t h a t  e n a b le  th e  p r o c e s s  t o  b e  c o n t r o l l e d ,  t h e  
p l a n t  may n e v e r  A c t u a l ly  b e  o p e r a t i n g  a t  a  s te a d y  s t a t e .  H owever th e  
ta n k s  a r e  o f  a  f i n i t e  s i z e  s o  t h a t  o v e r  a p e r io d  o f  t im e  t h e  a v e ra g e  p l a n t  
o p e r a t i n g  c o n d i t io n s  w i l l  c o n s t i t u t e  a  s t e a d y  s t a t e .  I t  i s  a l s o  e x p e c te d  
t h a t  t h e  d e v ia t i o n  a t  any  p o in t  i n  tim e  from  s t e a d y  s t a t e  w i l l  n o t  b e  
s i g n i f i c a n t .
Many a p p ro x im a tio n s  and  a s su m p tio n s  h a v e  b e e n  made t o  a c h ie v e  t h i s  m o d e l. 
The p l a n t  w i l l  t h e r e f o r e  n o t  b e  e x a c t l y  d e s c r ib e d .  H ow ever t h e  m odel i s  
s u f f i c i e n t l y  a c c u r a t e  t o  g iv e  i n s i g h t  i n to  t h e  v a r io u s  p r o c e s s e s ,  and  to  
b e  u s e f u l  i a  t h e  o p e r a t i o n  o f  t h e  p l a n t . S p e c i f i c  a p p ro x im a tio n s  a r e  
d is c u s s e d  i n  t h e  r e l e v a n t  c h a p te r s ,  w h ile  a  few  m ore g e n e r a l  a p p ro a c h e s  
a re . p r e s e n t e d  b e lo w .
The t h r e e  m ain  p r o c e s s  f u n c t i o n s  o f  le a c h ,  s u lp h i d e  p r e c i p i t a t i o n ,  and 
c e l l  herase  a r e  e a c h  exam ined  i n  s e p a r a t e  c h a p te r s .  T h ere  i s  a l s o  a  c h a p te r  
on  th e  way th e y  i n t e r r e l a t e  v i a  t h e  o v e r a l l  m ass b a la n c e .  I n  th e  b u s in e s s  
w o rld  a n y  c o m p ar iso n  o f  a l t e r n a t i v e s  m ust i n c lu d e  f i n a n c i a l  c o n s id e r ­
a t i o n s ,  s o  t h e r e  i s  a  c h a p te r  on t h e  c o s t s  in v o lv e d  i n  t h e  o p e r a t i o n .  A 
c h a p te r  on  th e  o p t im i s a t io n  o f  th e  p r o c e s s  by e x a m in a t io n  o f  t h e  o p e r a t in g  
v a r i a b l e s  i s  in c lu d e d .
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Some a s p e c t s  o f  t h e  p l a n t  do n o t  g r e a t l y  e f f e c t  t h e  m ass b a la n c e s  o r  t h e  
k i n e t i c s  a n d  a r e  n o t  in c lu d e d  a s  p r o c e s s e s  i n  t h e  m o d e l. T h ese  in c lu d e  
l o s s e s  o f  w a te r  v a p o u r  and ammonia th r o u g h  e v a p o r a t io n  and  s t r i p p i n g  in  
o p e n  p i p e s  end t a n k s ;  c r y s t a l l i s a t i o n  o f  s a l t s  l i k e  m anganese  s u lp h a te  
and  ammonium s u lp h a t e ;  c o s t s  o f  pum ping; t h e  r e d u c t io n  o f  th e  i r o n  c o n ­
c e n t r a t i o n  i n  th e  l e a c h  w i th  a e r a t i o n  and  a lu m in iu m  s u lp h a t e ;  u s e  o f  r e ­
a g e n ts  f o r  pH c o n t r o l  and o t h e r  s i m i l a r  f u n c t i o n s .  S in c e  t h e s e  f a c t o r s  
dp  in f lu e n c e  th e  p r o f i t a b i l i t y  o f  t h e  o p e r a t i o n  th e y  a r e  in c lu d e d  i n  an 
e m p i r i c a l  way in  t h e  c o s t i n g .  M o stly  th e y  a r e  ta k e n  to  b e  f i x e d  c o s t s ,  
o r  t o  v a r y  l i n e a r l y  w i th  t h e  f a c t o r s  t h a t  I n f l u e n c e  th e m . T hey  a r e  d i s ­
c u s s e d  i n  g r e a t e r  d e t a i l  i n  t h e  c h a p te r  on c o s t s .  H ow ever, t h e s e  c o s t s  
a r e  s m a l l  i n  c o m p a r iso n  t o  t h e  c o s t  o f  pow er a n d  th e  c o s t  o f  m anganese  
o r e  and do  n o t  have  a s  l a r g e  an  e f f e c t  on  t h e  p r o f i t a b i l i t y  o f  th e  o p e r -
As th e  ammonia a n d  t h e  s u lp h a t e  i n  t h e  s o l u t i o n  a r e  n o t  c o n s , 
p ro d u c e d  i n  a n y  o f  t h e  r e a c t i o n s ,  t h e i r  l e v e l s  a r e  assum ed t o  b e  c o n s ta n t  
th r o u g h o u t  t h e  c i r c u i t .  P r o v id e d  i t  i s  e n s u re d ,  v i a  th e  p l a n t  o p e r a to r n ,  
t h a t  t h e r e  a r e  m ake-up  s tr e a m s  o f  ammonia and  s u lp h a t e  t o  a c c o u n t  f o r  
l o s s e s  o f  t h e s e  s p e c i e s  i n  t h e  c a k e  o f  t h e  f i l t e r  p r e s s ,  and  o t h e r  su n d ry  
l o s s e s ,  th e n  t h i s  a s su m p tio n  i s  v a l i d .  T h e s e  m ake-up  s tr e a m s  m ust b e  i n ­
c lu d e d  i n  t h e  o p e r a t in g  c o s t  o f  th e  p l a n t ,
T he lo s s  o f  m anganese  i n  c r y s t a l l i s e d  s a l t s  i s  n o t  m o d e lle d . T he in p u t  
o f  m anganese  i s  i n  t h e  o r e ,  t h e  o u tp u t  i s  t h e  p l a t e d  m anganese  and th e  
l o s s e s  e r e  t h e  MnS i n  t h e  p r e c i p i t a t i o n  s e c t i o n ,  th e  p r o d u c t io n  o f  
m anganese  d io x id e  i n  t h e  c e l l s  and t h e  lo s s  o f  m anganese  i n  t h e  s o lu t io n  
tr a p p e d  i n  t h e  le a c h  f i l t e r  c a k e .  T he s u b s e q u e n t  t r e a tm e n t  o f  t h e  MnS 
w i th  a c id  t o  r e t r i e v e  t h e  m anganese  i s  n o t  m o d e lle d  a n d  a l l  t h e  MnS i s  
a ssum ed l o s t  f o r  th e  p u r p o s e s  o f  a  m ass b a la n c e  o v e r  t h e  p r e c i p i t a t i o n
I n t r o d u c t io n
s e c t i o n .  The a d d i t i o n  o n  th e . p l a n t  o f  t h i s  r e c o v e r e d  m anganese  t o  th e  
le a c h  ta n k s  i s  s m a ll  and  w i l l  a f f e c t  th e  o r e  f e e d  r a t e ,  b u t  o n ly  t o  an 
i n s i g n i f i c a n t  d e g re e .
I t  i s  a l s o  assum ed t h a t  a l l  t h e  s u lp h id e  a dded  a s  ammonium s u lp h id e  in  
t h e  p r e c i p i t a t i o n  s e c t i o n  i s  p r e c i p i t a t e d  o u t  a s  m e ta l  s u lp h i d e s .  T e s ts  
d o n e  by  B i j s t e r v e l d  (1 9 8 3 ) on th e  p l a n t  e l e c t r o l y t e  su b se q u e n t t o  th e  
s u lp h id e  p r e c i p i t a t i o n  show v e ry  low  l e v e l s  o f  s u lp h u r  i n  s o l u t i o n ,  so 
t h i s  a s su m p tio n  i s  a c c u r a t e .
The p r o d u c t io n  o f  h y d ro g e n  i n  t h e  c e l l s  u l t i m a t e l y  c a u s e s  a  l o s s  o f  w a te r  
b u t  t h i s  i s  s m a ll  and  t o g e t h e r  w i th  e v a p o r a t io n  l o s s e s  i s  c o v e re d  by  any 
o th v r  w a te r  a d d i t i o n ,  o r  i f  n e e d s  b e  a  m ake-up  s tr e a m . The p r o d u c t io n  o f  
oxygen  i n  t h e  c e l l s  I s  c o v e re d  b y  t h i s  sam e w a te r  lo s s  p l u s  t h e  oxygen 
t h a t  a r r i v e s  i n  t h e  m anganese  o r e .
An e n e rg y  b a la n c e  on  t h e  p l a n t  i s  n o t  a t te m p te d  a s  t h e  e n e rg y  l o s s e s  from  
th e  p ip e s  and  ta n k s  a r e  l a r g e .  T e m p e ra tu re s  f o r  t h e  m odel a r e  ta k e n  to  
b e  t y p i c a l  v a lu e s  from  th e  p l a n t .
The pHs o f  t h e  s o l u t i o n s  e n t e r i n g  t h e  p r e c i p i t a t i o n  ta n k  and  th e  c e l l  
h o u se  a r e  c o n t r o l l e d  t o  t h e  d e s i r e d  v a lu e s  by th e  a d d i t i o n  o f  Ammonium 
h y d ro x id e  o r  c o n c e n t r a te d  s u lp h u r i c  a c id .  As th e  f lo w  r a t e  i n  t h e  p l a n t ,  
w h ich  l e a d s  t o  t h e  le a c h  t a n k s ,  i s  k e p t  c o n s ta n t  t h e  pH in  t h e  le a c h  i s  
c o n t r o l l e d  by  th e  a d d i t i o n  r a t e  o f  t h e  o r e .  The h ig h e r  t h e  r a t e  t h e  h ig h e r
T he c u lm in a t io n  o f  t h i s  d i s s e r t a t i o n  i s  a  co m p u te r p ro g ra m , i n c lu d in g  a l l  
th e  a s su m p tio n s  ar.u m a th e m a tic s ,  t h a t  a c c u r a t e l y  d e s c r ib e s  t h e  f u n c t i o n ­
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i n g  o f  t h e  m anganese  e le c t r o w in n in g  p l a n t .  The p rog ram  s t r u c t u r e  h a s  b e e n  
d e s ig n e d  t o  f a c i l i t a t e  ch an g e  and  e x te n s io n , by  o t h e r  u s e r s .  T he c o d es  f o r  
d i s t i n c t  s e c t i o n s  a r e  w r i t t e n  s e p a r a t e l y  i n  s u b r o u t in e s .  T h is  p e rm i ts  
them  t o  b e  c h an g e d  e a s i l y  a t  one  p l a c e  o n ly . To a id  i n  t h e  u n d e r s t a n d in g  
o f  t h e  l o g i c  f le w  a  la r g e  am ount of com m entary  i s  in c lu d e d  b e tw ee n  prog ram  
l i n e s .  T h is  d i s s e r t a t i o n  a l s o  a c t s  a s  a  m anual t o  w h ich  r e f e r e n c e  c an  be 
m ade. I t  p r o v id e s  g r e a t e r  d e t a i l  t o  th e  m a n ip u la t iv e  s t e p s  g iv in g  r i s e  
t o  t h e  fo rm a  o f  t h e  e q u a t io n s  u s e d .  S e c t io n s  i a  t h e  p rog ram  r e f e r  d i r e c t l y  
t o  t h e  r e l e v a n t  s e c t i o n s  i n  t h e  d i s s e r t a t i o n .  The nam ing  o f  v a r i a b l e s  
i n  th e  d i s s e r t a t i o n  may a p p e a r  c lum sy  a t  t im e s ,  t h i s  i s  b e c a u se  t h e  e x a c t  
seme nam es a r e  u se d  a s  a p p e a r  i n  t h e  p ro g ra m . T h is  r e s u l t s  i n  g r e a t e r  
c o m p re h en s io n  w hen r e f e r r i n g  t o  t h e  p rog ram  l i s t i n g s .
A f lo w  c h a r t  o f  t h e  m odel l o g i c  i s  p r e s e n t e d  i n  F ig u re  2 on p a g e  9 . I t  
show s th e  s t e p s  i n  t h e  p r o c e d u re  f o r  c a l c u l a t i n g  th e  c o m p le te  m o d e l. 
C a l c u l a t i n g  th e  m odel i n  t h e  o r d e r  shown r e s u l t s  i n  t h e  e l i m i n a t i o n  o f  
a n y  lo o p s  i n  th e  m ass b a la n c e  p r o c e d u re .  T h is  i s  m a in ly  a  r e s u l t  o f  th e  
way th e  le a c h  i s  c o n t r o l l e d  on t h e  p l a n t  and  i s  m ore f u l l y  d is c u s s e d  in  
S e c t io n  2 .3 .  The f lo w  c h a r t s  f o r  e a c h  s u b r o u t in e  a r e  p r e s e n te d  i n  t h e  
a p p r o p r i a t e  c h a p te r s .
A l i s t i n g  o f  t h e  co m p u te r p ro g ra m , i n  t h e  BASIC la n g u a g e  u s e d  by  th e  
H e w le t t- P a c k a r d  HP-8? co m p u te r i s  p r e s e n t e d  i n  A ppendix  N a t  t h e  r e a r  o f  
t h i s  d i s s e r t a t i o n .  C o p ies  o f  t h e  p ro g ra m  in  t h e  FORTRAN' 77 la n g u a g e  a r e  
a l s o  a v a i l a b l e .
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C a I 1 S u  i p h 1d e
C a  1 I C e 11 H o u s e
C a l c .  O re  F e e d
F ig u re  2 . M odel F lo w c h a r t
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2 MANGANESE LEA CH  SE C T IO N
2 .1  M a n g a n e se  L e a c h  I n t r o d u c tio n
Jo n e s  (1983 ) h a s  i n v e s t i g a t e d  th e  k i n e t i c s  o f  t h e  le a c h  r e a c t i o n s  in v o lv e d  
and  h a s  shown e x p e r im e n ta l ly  t h a t  th e  r a t e s  o f  r e a c t i o n  a r e  h ig h  in com­
p a r is o n  t o  t h e  r e s i d e n c e  tim e s  in v o lv e d  on th e  p l a n t  (=5 h r s ) .  T h is  p e r ­
m i t s  o n e  t o  u s e  e q u i l ib r iu m  and m ass b a la n c e  c o n s id e r a t i o n s  o n ly  in  
c a l c u l a t i n g  th e  l e a c h .  The t a n k  i t s e l f  i s  assum ed t o  behave  a s  an  i d e a l
The m anganese  o r e  com es from  a  c a l c i n e r  and  c o n s i s t s  m o s t ly  o f  MnO w ith  
a  s m a ll am ount o f  Mn^Oy t o g e t h e r  vr t-h t h e  g a rg u e  and  th e  i m p u r i t i e s . Thet 
o r e  i s  a dded  t o  t h e  a c id  a s  i t  e n t e r s  t h e  le a c h  t a n k .  The m anganese  o x id e  
i n  t h e  o r e  r e a c t s  w i th  t h e  a c i d  t o  £ o m  m anganese  s u lp h a t e  and  w a t e r ,  and 
h e n c e  d e c r e a s e s  t h e  s t r e n g th  o f  t h e  a c id .  T h e r e fo r e  t h e  g r e a t e r  th e  
m anganese  c o n c e n t ra t io n ,  i n  s o l u t i o n  t h a  lo w e r  t h e  a c i d i t y ,  o r  t h e  g r e a t e r  
t h e  pH. As th e  r e g e n e r a t e d  a c id  from  th e  c e l l  h o u se  i s  pumped b a ck  to  
t h e  m anganese  le a c h  a t  a  c o n s t a n t  r a t e ,  t h e  pH i n  th e  le a c h  ta n k  c an  be 
c o n t r o l l e d  th ro u g h  t h e  a d d i t i o n  r a t e  o f  m anganese  o r e .  The h ig h e r  th e  
a d d i t i o n  r a t e  t h e  h ig h e z  t h e  l e a c h  pH.
T h ere  i s  a n o th e r  le a c h  ta n k  in  s e r i e s  w i th  t h e  f i r s t  and i t s  p u rp o s e  i s  
t o  c o n t r o l  t h e  am ount o f  i r o n  w h ich  i s  a l s o  le a c h e d .  A ir  i s  sp a rg e d  
th ro u g h  t h i s  ta n k  a n d  a lum in ium  s u lp h a t e  i s  a d d ed . The F e2+ io n s  a re  
o x id is e d  t o  Fe3+ w h ic h  th e n  d ro p  o u t  o f  s o l u t i o n  w ith  t h e  a lum in ium  
s u lp h a t e .  T h is  p r o c e s s  does n o t  a f f e c t  t h e  m anganese  c o n c e n t r a t i o n  d i ­
r e c t l y  u n l e s s  t h e  pH in  t h e  ta n k  f a l l s  t o  a low  v a lu e  t h a t  r e d u c e s  t h e
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e f f i c i e n c y  o f  t h e  i r o n  rem o v a l o ■ . : s ^ U y . T h is  p r o c e s s  i s  t h e r e f o r e
n o t  m o d e lle d .
The le a c h  c o n d i t io n s  a r e  c a l c u l a t e d  f o r  th e  c o n d i t io n s  i n  t h e  se co n d  
( f i n a l )  t a n k .  S e t t l i n g  ta n k s  th e n  c o n c e n t r a te  th e  gangue  and th e  p r e ­
c i p i t a t e s  w h ic h  a r e  s e n t  t o  a  b e l t  f i l t e r  and rem oved . Some o f  t h e  s o l ­
u t i o n  w h ic h  c o n ta in s  m anganese  i s  a l s o  l o s t  h e r e  and  t h i s  i s  t h e  p o in t  
o f  m a jo r  lo s s  o f  a l l  c h e m ic a ls  i n  t h e  c i r c u i t .
T he le a c h  e f f i c i e n c y  i s  t h e  f r a c t i o n  o f  t o t a l  m anganese  a dded  t h a t  ends 
up  i n  s o l u t i o n .  N e a r ly  a l l  t h e  MnO g e t s  le a c h e d .  A t t h e  lo w e r  end  o f  th e  
pH ra n g e  ( 6 .0  -  7 .2 )  t h e  d i s p r o p o r t i o n a t e s  i n t o  MnO and  MnO^. The
fo rm e r  le a c h e s  w h ile  t h e  l a t t e r  d o e s  n o t .  H ence  t h e  le a c h  e f f i c i e n c y  i n ­
c r e a s e s  w ith  lo w e r  pH and  a sy m p to te s  to w a rd  a  v a lu e  d e te rm in e d  by  th e  
am ount o f  MnO,, p ro d u c e d  by  th e  c o m p le te  d i s p r o p o r t i o n a t i o n  o f  th e  
A t a  h ig h e r  pH th e  e f f i c i e n c y  i s  lo w e r  s in c e  o n ly  t h e  MnO i s  le e c h e d . 
H owever a  h ig h  pH m eans m ore m anganese  i s  i n  s o l u t i o n  so  t h e  le a c h  pH i s  
a l s o  one  o f  t h e  p r o c e s s  v a r i a b l e s  t h a t  c an  b e  o p t im is e d .  An e q u a t io n  h a s  
b e o n  f i t t e d  t o  p l a n t  and  e x p e r im e n ta l  d a t a  t o  g iv e  t h e  L each  e f f i c i e n c y  
a s  a  f u n c t i o n  o f  t h e  le a c h  pH. I t  i s  p r e s e n t e d  in  A ppendix  A.
To d e te r m in e  th e  le a c h  o n e  m akes u s e  o f  a  m ass b a la n c e  a c r o s s  t h e  le a c h  
ta n k  t o  g iv e  t h e  t o t a l  c o n c e n t r a t i o n s  o f  s u b s t a n c e s ,  and th e n  one u se s  
th e  s o l u t i o n  e q u i l i b r i a  t o  c a l c u l a t e  t h e  i n d i v i d u a l  s p e c i e s .  T h e re  i s  a 
p r e c i p i t a t i o n  r e a c t i o n  b e tw ee n  th e  Mn2"1" io n  and w a te r  t o  g iv e  m anganese  
h y d ro x id e  a n d  h y d ro g e n  io n a .  M anganese  h y d r o x id e  i s  n o t  s o lu b l e  and  c o v e rs  
th«i s u r f a c e  o f  th e  o r e  p r e v e n t in g  f u r t h e r  le a c h in g .  T h is  r e a c t i o n  r e ­
p r e s e n t s  a  maxiroxias l i m i t  on t h e  c o n c e n t r a t i o n  o f  m anganese  f o r  a  g iv e n  
pH. The c a l c u l a t e d  m anganese  c o n c e n t r a t i o n  i s  t h e r e f o r e  com pared t o  t h e  
maximum e q u i l ib r iu m  v a lu e  a l lo w e d . I f  t h i s  i s  e x c e e d e d  th e n  th e  c a l c u ­
l a t i o n  m ust b e  r e p e a te d  f o r  some o th e r  d e s i r e d  p o i n t  o f  o p e r a t i o n ,  u s u a l ly
a  lo w e r  le a c h  pH. I f  on th e  p l a n t  one  a t te m p ts  t o  o b t a in  an  o p e r a t in g  
pH o c c u r r i n g  a t  a  m anganese  c o n c e n t r a t i o n  g r e a t e r  th a n  th e  e q u i l ib r iu m  
a l lo w e d ,  by  in c r e a s in g  th e  f lo w r a te  o f  o r e ,  th e n  th e  e x t r a  raangan.es& t h a t  
i s  a d d ed  o< >s n o t  le a c h  b u t  i s  rem oved i n  t h e  f i l t e r  and  t h e  le a c h  e f f i ­
c ie n c y  a p p e a l • t o  d ro p  su d d e n ly .
The r e g e n e r a t e d  a c id  r e t u r n i n g  from  t h e  c e l l  h o u se  c o n ta in s  s u lp h u r i c  
a c id ,  s u l p h a t e ,  m anganese  and  ammonie w ith  i n s i g n i f i c a n t  i m p u r i t i e s .  I n  
t h e  ta n k a  th e  i r o n  and  a lum in ium  s u lp h a t e  a r e  n e g le c t e d  s i n c e  t h e y  a re  
rem oved  i n  t h e  b a i t  f i l t e r  anyw ay, and  t h e  i m p u r i t i e s  o f  t h e  c o b a l t  ty p e  
a r e  n e g le c t e d  s in c e  th e y  a r s  p r e s e n t  i n  s m a ll  c o n c e n t r a t i o n s  (= 50 ppm ).
I t  m u st b e  n o te d  t h a t  t o  c a l c u l a t e  t h e  s o l u t i o n  e q u i l i b r i a  o n ly  th r e e  
d e g re e s  o f  f re ed o m  a r e  a v a i l a b l e .  O f t h e  f o u r  q u a n t i t i e s  i n  t h e  p r e c i p i ­
t a t i o n  t a n k s ,  w h ich  in c lu d e  th e  t o t a l  c o n c e n t r a t i o n s  i n  lano lo /m 1 o f  
m anganese  (HAN^,),  s u lp h a t e  (SULPlip) and  ammonia (AMHp), a s  w e l l  a s  th e  
pH , o n ly  t h r e e  may b e  s p e c i f i e d  a n d  t h e  re m a in in g  v a lu e  c r n  b e  c a l c u l a t e d .  
T he  s p e c i f i e d  q u a n t i t i e s  a r e  SULPH^, a n d  pH. H ence  k n o ttin g  th e
t o t a l  c o n c e n t r a t i o n s  o f  m a n g an e se , s u lp h a t e ,  pH and  th e  e q u i l ib r iu m  
e q u a t io n s ,  t h e  s p e c i e s  i n  s o l u t i o n  may b e  c a l c u l a t e d ,  and  h e n c e  th e  
m anganese  c o n c e n t r a t i o n  i s  known. The s p e c i e s  p r e s e n t  i n  t h e  le a c h  a re  
t h e  sam e a s  th o s e  i d e n t i f i e d  by B i j s t e t v e l d  (1 9 8 3 )  i n  t h e  s u lp h id e  s e c t i o n  
and  a r e :
Hn2+ ,  HnS04 ,  sol', to t* , tffi4S 0 ' ,  HH3 , IMffl” ,  MnSH3 S04
T he m anganes e -  ammonia com plexes h a v e  b e e n  r e s t r i c t e d  t o  t h e  s im p le  form  
w i th  o n ly  o n e  a s s o c i a t e d  ammonia m o le c u le .  T i l a k ,  R a ja g o p a la n  a n d  Reddy 
(1 9 6 2 )  r e p o r t  t h i s  t o  b e  th e  m o st l i k e l y  a s s o c i a t i o n  f o r  pHs b e lo w  S. 
Above t h i s  o n e  f in d s  i n c r e a s in g  s u b s t i t u t i o n  o f  t h e  w a te r  m o le c u le s  s u r -
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r o u n d in o  th e  h y d r a te d  m o le c u le  by  am m onia, b u t  t h e  s im p le  com plex may be 
u se d  t o  r e p r e s e n t  t h e  t r e n d s  o f  t h e s e  I n t e r a c t i o n s .
To s o lv e  th e  s o l u t i o n  e q u i l ib r iu m  one  r e q - .  j s  r e a c t i o n  e q u i l ib r iu m  
e q u a t io n s  and  i n d iv i d u a l  com ponent b a la n c e  e q u a t io n s ,  a s  s e t  o u t  i n  th e  
fo l lo w in g  s e c t i o n .
2 .2  L e a c h  E q u ilib r iu m
The im p o r ta n t  e q u a t io n s  f o r  t h e  s o l u t i o n  e q u i l i b r i a  a r e  a s  f o l lo w s :
N o te : W ri t in g  Mn, e t c  im p l ie s  c o n c e n t r a t i o n  in  km ole /m 1 t h e r e o f .
AMHp =  NK^ + NH3 + MnNH3 + Nl^SO^ + MnNKjSO^
(Arom com ponent b a la n c e )  2 .1
SULPH^, = M$iSO& +  SO^ + NH4S04 ( S u lp h  com ponent b a la n c e )  2 .2
2Mn +  2MnNH3 +  NH4  = 250^ + NH^SO^
( E l e c t i o r i e u t r a l i t y , H=0) 2 .3
MnS04 /(M n x S04 ) = K1 (Mn2+ + SO2 '  3 MnSO^) 2 .4
NK4 /CH * NH3) ■ K2 (H+ + NH3 s  NH*) 2 .5
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m 4s o 4 /(NH4 x sd4 ) = K3 (nh4 + s o j  5 nh4 so4 )
MnNH3/(M a x NH^) = K4 (Mn2+ + NK3 s  bMK24")
MnNH3 S04 /(MnNH3 x SC>4 ) (MnNH2*  + SO2 '  s  MnNH3S04 ) 2 .6
And H - 10-pH
T he above e q u i l ib r iu m  e q u a t io n s  a r e  b a se d  on e q u i l ib r iu m  r a t i o s  w h ich  u s e  
c o n c e n t r a t io n s  a n d  n o t  a c t i v i t i e s .  The o n ly  v a lu e s  a v a i l a b l e  a r e  e q u i ­
l ib r iu m  c o n s t a n t s ,  w h ich  a r e  b a s e d  on a c t i v i t i e s ,  s o  i t  i s  n e c e s s a r y  t o  
c o n v e r t  t h e s e  t o  r a t i o s  u s in g  a c t i v i t y  c o e f f i c i e n t s .  The e q u i l ib r iu m  
c o n s t a n t s  a r e  c a l c u l a t e d  a s  f u n c t i o n s  o f  te m p e r a tu re  from  s ta n d a r d  
the rm odynam ic  d a t e  i n  A ppendix  A. The m ethod o f  M o r ris  (1983 ) i s  u se d  
t o  o b t a in  t h e  a c t i v i t y  c o e f f i c i e n t s . The m ethod  i s  b a s e d  on  th e
D ebye-H uckel e q u a t io n  w i th  some m o d i f ic a t io n s  t h a t  t a i l o r  i t  f o r  s t r o n g  
e l e c t r o l y t e s .  The m e thod  i s  d e t a i l e d  i n  A ppendix  B . T he a c t i v i t y  c o e f f i ­
c i e n t s  o f  h y d ro g en  and a l l  u n c h a rg e d  s p e c i e s  a r e  ta k e n  t o  b e  u n i t y ,  w h ile  
t h o s e  f o r  c h a rg e d  s p e c i e s  a r e  c a l c u l a t e d .  I t  i s  n e c e s s a r y  t o  know th e  
c o n c e n t r a t io n s  o f  t h e  s p e c i e s  t o  c a l c u l a t e  t h e  a c t i v i t y  c o e f f i c i e n t s  
h e n c e  an i t e r a t i v e  p r o c e d u re  i s  a d o p te d . I n i t i a l  v a lu e s  o f  t h e  c o e f f i ­
c i e n t s  a r e  ta k e n ,  th e  s o l u t i o n  e q u i l i b r i a  c a l c u l a t e d  and  th e n  new v a lu e s  
o f  t h e  c o e f f i c i e n t s  fo u n d . The e n t i r e  p r o c e s s  i s  th e n  r e p e a te d  u n t i l  
c o n v e rg e n c e  i s  r e a c h e d .
Th e q u a tio n s  u s in g  e q u i l io r iu m  c o n s ta n t s  h av e  th e  same fo rm  a s  th o s e  
u s  ,g r a t i o s  e x c e p t  t h a t  t h e  c o n c e n t r a t io n s  h av e  a c t i v i t y  c o e f f i c i e n t s  
p r e - m u l t i p l i e d  i n t o  them . An exam ple  o f  t h i s  i s  show n i n  A ppendix  B.
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I n  s o lv i n g  th e  e i g h t  e q u a t io n s  2 .1 - 2 .6  i n  e i g h t  unknow ns f o r  t h e  s o l u t i o n  
e q u i l i b r i a  an i t e r a t i v e  p ro c e d u re  i s  a g a in  a d o p te d . A f lo w  s h e e t  show ing  
th e  p ro c e d u re  i s  p r e s e n t e d  i n  F ig u re  3 on p a g e  16. The tw o s p e c i e s  i n ­
v o lv in g  f r e e  ammonia a r e  m ino r s p e c ie s  and  h a v e  i n i t i a l  c o n c e n t r a t io n s  
o f  z e r o .  T h is  le a v e s  s i x  e q u a t io n s  in  s i x  unknow ns w h ich  a r e  s o lv e d .  The 
tw o  m in o r  s p e c i e s  can  th e n  b e  c a l c u l a t e d  and th e  t o t a l  c o n c e n t r a t io n s  o f  
ammonia and  s u lp h a t e  a r e  a d ju s te d  a s  w e l l  a s  t h e  e q u a t io n  o f  
e l e c t r o n e u t r a l i t y .  T he s i x  m a jo r  e q u a t io n s  a r e  s o lv e d  '■ gain and th e  
p r o c e s s  i s  r e p e a te d  u n t i l  c o n v erg en c e  i s  a t t a i n e d .  T n is  a lg o r i th m  w orks 
w e l l  i f  t h e  pH i s  n o t  t o o  h ig h .  A t a  h ig h  pH (> 7 .5 )  t h e  rlnNH^"1" and 
MnNHgSO^ s p e c i e s  s t a r t  t o  become m a jo r  s p e c i e s  and  th e  a lg o r i th m  f a i l s .  
The d e t a i l e d  e q u a t io n s  and  a lg o r i th m  f o r  t h e  le a c h  s o l u t i o n  e q u i l ib r iu m  
a r e  p r e s e n te d  i n  A ppendix  G.
Once a l l  t h e  c o n c e n t r a t i o n s  h a v e  be en  fo u n d  th e  tin2+ c o n c e n t r a t i o n  i s  
com pared  t o  th e  maximum e q u i l ib r iu m  c o n c e n t r a t i o n .  T h is  i s  fo u n d  from ;
Mneq =  H2/Kmneq 2 .1 0
Kmneq i s  t h e  s o l u b i l i t y  p r o d u c t  r a t i o  fo u n d  fro m  t h e  a c t i v i t y  c o e f f i c i e n t s  
a n d  th e  s o l u b i l i t y  p r o d u c t  c o n s t a n t ,  w h ic h  i s  p r e s e n t e d  in  A ppendix  A. 
I f  Mn > Mneq th e n  t h e  c h o s e n  pH i s  t o o  h ig h  and  t h e  m odel m ust b e  r e s t a r t e d  
w i th  d i f f e r e n t  v a lu e s  f o r  t h e  v a r i a b l e s .
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-C a l c .  M a j o r  S p . 
s t J m .  M i n o r  S p .
^Comp S o ,
2omp Re;
F ig u re  3 . F lo w c h a r t  o f  L each  S e c t io n .
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2 .3  O re  F e e d  t o  L each
T he o r e  f& ed r a t e  t h a t  i s  r e q u iz e d  t o  g iv e  th e  c h o sen  pH f o r  a  g iv e n  
f lo w r a te  and  c o n c e n t r a t i o n  o f  s o l u t i o n  car. b e  c a l c u l a t e d  from :
_  (M nex it - Mnin') x  Q 4- M nlo s t  
L e f f  x  H fra c
F r  = O re  f e e d  r a t e .
M n e x it = T o ta l  Mn c o n e , i n  le a c h .
Mnin =  T o ta l  Mn c o n c . c e l l  e x i t .
M n lo s t = S o lu b le  Mn l o s t  i n  f i l t e r  c a k e .
Q =  T o ta l  s o l u t i o n  f l o w r a t e .
L e f f  = L each  e f f i c i e n c y ,
tf f r a c  = T o ta l  Ma f r a c t i o n  i n  o r e .
k g /h r )
kg /® 1)
k g /m 3)
k g /h r )
m’ / h r )
T h is  may o n ly  b e  done o n c e  Mnin i s  known., i . e .  o n ly  w hea t h e  c e l l  h o u se  
h a s  b e e n  c a l c u l a t e d .  T he f a c t  t h a t  t h e  o r e  f e e d  r a t e  i s  c a l c u l a t e d  t o  
g iv e  t h e  c h o sen  le a c h  pH i n s t e a d  o f  s p e c i f y in g  t h e  le e d  r a t e  a n d  c a l c u ­
l a t i n g  t h e  pH means t h a t  t h e  o v e r a l l  m ass b a la n c e  on  th e  p l a n t  n e e d  o n ly  
b e  done o n c e . N o rm ally  t{ i s  w ould  h a v e  t o  b e  c a l c u l a t e d  i n  an  i t e r a t i v e  
way w h ic h  c o u ld  th e n  h av e  c o n v erg en c e  s t a b i l i t y  p ro b le m s , and  w ould  a l s o  
r e q u i r e  much more c o m p u ta t io n  t im e .  I t  i s  f o r t u n a t e  f o r  t h e  m odel t h a t  
th e  p l a n t  o p e r a te s  i n  t h i s  f a s h io n  a s  i t  h a s  g r e a t l y  s i m p l i f i e d  t h e  c a l ­
c u l a t i o n .
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3  S U L P H ID E  P R E C IP IT A T IO N  SE C T IO N
3 .1  S u lp h id e  I n t r o d u c t io n
T he m e thod  u s e d  t o  p u r i f y  t h e  s o l u t i o n  a t  t h i s  p o in t  Is p r e c i p i t a t i o n .  
T he im p u r i t i e s  a r e  r e a c t e d  w i th  ammonium s u lp h i d e  t o  fo rm  m e ta l  s u lp h id e s  
w h ich  a r e  i n s o l u b le  and  a r e  rem oved in  t h e  s e t t l i n g  t a n k s .  M ost o f  th e  
c o b a l t  a n d  o th e r  im p u r i t i e s  a r e  k n ocked  o u t  i c  t h i s  w ay.
B i j s t e r v e l d  (1983 ) s tu d i e d  t h e  k i n e t i c s  o f  t h e  p r e c i p i t a t i o n  and  found  
t h a t  t h e  p r e c i p i t a t i o n  i s  a u to - c a t a ly s e d  b y  th e  p r e s e n c e  o f  met?.! 
s u lp h i d e s .  Once s t a r t e d  t h e  r e a c t i o n s  p r o c e e d  r a p i d l y  t o  c o m p le t io n  
w i th in  m in u te s .  As t h e  r e s i d e n c e  tim e  on th e  p l a n t  i s  much g r e a t e r  th a n  
t h i s  (=  2 h r s ) ,  t h e  r e a c t i o n  may b e  assum ed t o  go  A ll  t h e  way t o  e q u i ­
l ib r iu m .  B i j s t e r v e l d  a l s o  found  t h a t  t h e  t h e  c o n c e n t r a t io n s  o f  s u lp h id e  
s p e c i e s  i n  s o l u t i o n  a f t e r  p r e c i p i t a t i o n  w ere  m in u te ,  m ean ing  t h a t  e s s e n ­
t i a l l y  a l l  t h e  s u lp h i d e  was p r e c i p i t a t e d .  F u r th e r m o re , s in c e  t h e  c o n ce n ­
t r a t i o n  o f  c o b a l t  i s  low  (=  15 ppm) i t  i s  a l s o  assum ed t h a t  t h e  m o la r 
am ount o f  MnS t h a t  i s  fo rm ed  i s  e q u a l  t o  t h e  m o la r  am ount o f  s u lp h id e
o '.e  s o l u t i o n  comes fro m  th e  le a c h  c o n ta in i n g  m a n g an e se , s u lp h a t e  and  am­
m onia  i n  w a t e r .  Ammonium s u lp h id e  and  a  r e c y c l e  s tr e a m  from  th e  u n d e rf lo w  
o f  t h e  s u lp h id e  p r e c i p i t a t i o n  s e t t l i n g  t a n k s ,  w h ic h  c o n ta in s  m e ta l 
s u lp h i d e s ,  i s  added  t o  t h e  p ip e  j u s t  a f t e r  t h e  le a c h  s e c t i o n .  When th e  
s o l u t i o n  r e a c h e s  t h e  s u lp h id e  s e t t l i n g  ta n k s  t h e  r e a c t i o n  i s  c o m p le te .
S u lp h id e  P r e c i p i t a t i o n  S e c t io n
I t  m ust b e  n o te d  t h a t ,  a s  i n  t h e  l e a c h ,  t o  c a l c u l a t e  t h e  s o l u t i o n  
e q u i l i b r i a  o n ly  t h r e e  d e g re e s  o f  f re ed o m  a r e  a v a i l a b l e ,  i . e .  o f  t h e  t h r e e  
c o n c e n t r a t io n s  i n  t h e  p r e c i p i t a t i o n  ta n k s  MAN^, SULPH^, AMMp, and  th e  pH 
o n ly  t h r e e  may b e  s p e c i f i e d  and th e  re m a in in g  v a lu e  can  b e  c a l c u l a t e d .  
The s p e c i f i e d  q u a n t i t i e s  a r e  MAN-,, SULPHp, and  pH. I t  m ust b e  n o te d  t h a t  
t h e  t o t a l  ammonia c o n c e n t r a t i o n  h a s  b e e n  ch an g e d  by th<i a d d i t i o n  o f  
ammonium s u lp n i d e .  A lso  t h e  in d iv i d u a l  s p e c i e s  c o n c e n t r a t io n s  a r e  d i f ­
f e r e n t  t o  th o s e  i n  th e  le a c h  b e c a u s e  t h e  pH and th e  te m p e r a tu re s  a r e  
d i f f e r e n t .  H ence know ing t h e  t o t a l  c o n c e n t r a t io n s  o f  m anganese , 
s u lp h a t e ,  pH and  t h e  e q u i l ib r iu m  e q u a t io n s ,  t h e  s p e c ie s  i n  s o l u t i o n  may 
b e  c a l c u l a t e d .  A c c o rd in g  t o  B i j s t e r v e l d  (1983) t h e  s p e c i e s  p r e s e n t  a re :
Mn2 + , MnS04 , S O * ', NH* NH^SO", MoNH^+ , MnNH^SO^
t o g e t h e r  w ith  t h e  c o b a l t  s p e c i e s , w h ich  a r e  fo u n d  o n c e  th e  above  h a v e  be en  
c a l c u l a t e d ,  a n d  Che h y d ro g en  io n  c o n c e n t r a t i o n  w h ich  i s  d e f in e d  t o  b e  10
t o  t h e  pow er o f  t h e  n e g a t iv e  pH. The ammonia com plexes a r e  d is c u s s e d  in
S e c t io n  2 .1 .
To s o lv e  t h e  s o l u t i o n  e q u i l ib r iu m  o n e  r e q u i r e s  r e a c t i o n  e q u i l ib r iu m  
e q u a t io n s  and  in d iv i d u a l  com ponent b a la i .e e  e q u a t io n s ,  a s  s e t  o u t  i n  th e  
f o l lo w in g  s e c t i o n s .
3 . 2  S u lp h id e  E q u il ib r iu m
T h e re  a r e  th u s  e ig h t  unknowns and  e ig h t  e q u a t io n s  a s  f o l lo w s :
N o te : W r it in g  Mn, NH^ e t c  im p l ie s  c o n c e n t r a t i o n  in  km ole /m 3 t h e r e o f .
S u lp h id e  P r e c i p i t a t i o n  S e c t io n
MAHj, =  Mn +  MnSD^ 4- MnNH3 (Mn com ponent b a la n c e )  3 .1
SULPRj, = MnSO^ + SO^ + NH^SO^ ( S u lp h  com ponent b a la n c e )  3 .2
2Mn +  2MnNH3 +  NH^ = 2S04 + NH^SO^
( B l e c t r o n e u t r a l i i y ,  I:®0) 3 .3
MnS04 /(M n S04 ) = (MiT + S p f -  s  MnSO^) 3 .4
NH4 /( H  x NH3 ) =  K2 (H+  +  NH3 5N H 4 ) 3 .5
NH4S04 /(NH a x S04 ) = K3 (NH4  + SO^" 2 NH4 S04 ) 3 .6
MnNH3/(M n » NH^) = K4 (Mn2+ + W ,  * MnMH3+ ) 3 .7
MnNH3S04 /(MnNH3 x S04 ) =  (MnNH^+ + s o j '  s  MnNHgSO^ 3 .8
As I n  S e c t io n  2 .2  i t  I s  n e c e s s a r y  t o  f i n d  t h e  e q u i l ib r iu m  r a t i o s  from  th e  
e q u i l i b r iu m  c o n s t a n t s . The p ro c e d u re  i s  i d e n t i c a l  t o  t h a t  f o l lo w e d  i n  th e  
le a c h ,  e x c e p t  t h a t  t h e  e q u a t io n s  o f  s o l u t i o n  e q u i l ib r iu m  a r e  m a n ip u la te d
S u lp h id e  P r e c i p i t a t i o n  S e c t io n
d i f f e r e n t l y .  T h is  i s  due  t o  t h e  change  i n  t h e  v a r i a b l e s  h e ld  c o n s ta n t  
a c c o rd in g  t o  th e  d e g re e s  o f  f re ed o m  a v a i l a b l e .  T he d e t a i l e d  e q u a t io n s  
and a lg o r i th m  u se d  to  c a l c u l a t e  t h e  s u lp h id e  s e c t i o n  a r e  p r e s e n te d  in  
A ppend ix  D. A f lo w c h a r t  o f  t h e  p ro c e d u re  i s  g iv e n  i n  F ig u re  4  on p ag e
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F ig u re  4 .  F lo w c h a r t  o f  S u lp h id e  S e c t io n .
S u lp h id e  P r e c i p i t a t i o n  S e c t io n
3.3 Sulphide Impurities
Once t h e  m anganese  s p e c i e s  h av e  b e e n  fo u n d  i t  i s  p o s s ib l e  t o  c a l c u l a t e  
t h e  c o b a l t  s p e c i e s .  S in c e  t h e i r  c o n c e n t r a t io n s  a r e  s m a ll  th e y  do n o t  a f ­
f e c t  t h e  c o n c e n t r a t i o n s  o f  t h e  m a jo r  s p e c i e s .  I t  i s  shown i n  A ppendix  D 
t h a t  p r o v id e d  b o th  MnS and CoS a r e  p r e c i p i t a t i n g  th e n  th e  f o l lo w in g  
e q u a t io n  h o ld s :
Co _  Ksc 3 .1 0
Mn Ksm
w hera  K sc and  Ksm a r e  t h e  s o l u b i l i t y  p r o d u c t  c o n s t a n t s  t h a t  a r e  o b ta in e d  
a s  f u n c t i o n s  o f  te m p e r a tu re  i n  A ppendix  A, and Co and Mn a r e  th e  c o n c e n ­
t r a t i o n s  o f  Co^+  and  Mn^+ r e s p e c t i v e l y .  H ence i t  i s  p o s s ib l e  t o  f i n d  t h e  
Co^+ c o n c e n t r a t i o n  and  th e n  th e  c o n c e n t r a t io n s  o f  t h e  f o l lo w in g  s p e c i e s :
CoS04 , CcMH*+, CoNH3S04 
The e q u i l ib r iu m  e q u a t io n s  a r e :
CoS04 /(C o  x S04 ) = K6 (Co2+ + S04 " s  CoS04 )
c o r n y  (Co * nh3 ) = (Co2*  + NH3 8 CoNHg+ )
CoNH3S04 /(CoNH3 x so4) (CoS04 + NH3 5 CoNH3S04 ) 3 .1 3
S u lp h id e  P r e c i p i t a t i o n  S e c t io n
3.3 Sulphide Impurities
Once t h e  m anganese  s p e c ie s  h av e  b e e n  found  i t  i s  p o s s i b l e  t o  c a l c u l a t e  
t h e  c o b a l t  s p e c i e s .  S in c e  t h e i r  c o n c e n t r a t io n s  a r e  s m a ll  th e y  do n o t  a f ­
f e c t  t h e  c o n c e n t r a t io n s  o f  t h e  m a jo r  s p e c i e s .  I t  i s  shown i n  A ppendix  D 
t h a t  p r o v id e d  b o th  MnS and  CoS a r e  p r e c i p i t a t i n g  th e n  th e  f o l lo w in g  
e q u a t io n  h o ld s :
Co = Ksc 3 .1 0
Mn K.sq
w here  K sc and Ksm a r e  t h e  s o l u b i l i t y  p r o d u c t  c o n s ta n t s  t h a t  a r e  o b ta in e d  
a s  f u n c t i o n s  o f  te m p e r a tu re  i n  A ppendix  A, and  Co and  Mn a r e  t h e  c o n ce n ­
t r a t i o n s  o f  Co^ "*" and  Mn^+  r e s p e c t i v e l y .  H ence i t  i s  p o s s i b l e  t o  f i n d  th e  
Co2+ c o n c e n t r a t i o n  and th e n  th e  c o n c e n t r a t io n s  o f  t h e  f o l lo w in g  s p e c i e s :
CoS04 ,  CoNR2* ,  CoNH3S04
The e q u i l ib r iu m  e q u a t io n s  a re :
CoS04/(Co x S04) = K6 (Co 2+ + SO2" s CoS04) 3.11
CoNH3/(Co x NH3) = K? (Co 2+ + NH3 5 CoNH3+) 3.12
CoNH3S04/(CoNH3 x S04) - Kg (CoS04 4- NH, 5 CoNH3S04) 3.13
S u lp h id e  P r e c i p i t a t i o n  S e c t io n
A gain  t h e  above e q u a t io n s  a r e  i n  te rm s  o f  e q u i l ib r iu m  r a t i o s  w h ich  have  
b e e n  o b ta in e d  from  t h e  c o n s ta n t s  by  m u l t i p ly in g  i n  t h e  a c t i v i t y  c o e f f i ­
c i e n t s .
Once t h e s e  c o b a l t  s p e c i e s  h a v e  b e en  found  t h e  t o t a l  c o b a l t  c o n c e n t r a t io n  
i s  th e n  t h e  sum o f  a l l  o f  them , and  th e  p r e c i p i t a t i o n  s e c t i o n  h a s  been  
c a l c u l a t e d .  The d e t a i l s  o f  t h i s  s e c t i o n  a r e  p r e s e n te d  i n  A ppendix  D.
S u lp h id e  P r e c i p i t a t i o n  S e c t io n
4  CE L L  HO USE SE C T IO N
4 .1  C e ll H o u se  I n t r o d u c tio n
The c e l l  h o u se  i s  t h e  m o st im p o r ta n t  o p e r a t i o n  f o r  i t  i s  h e re  t h a t  th e  
a c t u a l  f u n c t i o n  o f  t h e  p l a n t  i s  f u l f i l l e d .  The m anganese  t h a t  h a s  be en  
le a c h e d  and  p u r i f i e d  i s  now e l e c t r o - p l a t e d  i n t o  t h e  p r o d u c t  t h a t  i s  s o ld  
t o  o b t a in  t h e  re v e n u e  f o r  t h e  p l a n t .  A p a r t from  th e  c o s t  o f  t h e  o re  i n  
t h e  le a c h  s e c t i o n ,  t h e  c e l l  h o u se  i s  t h e  m ost c o s t l y  s e c t i o n  o f  t h e  p l a r t  
t o  r u n .  T h is  i s  d u e  t o  t h e  g r e a t  d e a l  o f  pow er r e q u i r e d  t o  c a r r y  o u t  th e  
e le c t r o w in n in g .  T h is  c o s t  o f  pow er i s  a b o u t f i f t y  t im e s  more t h a n  any  
o th e r  o p e r a t in g  c o s t .  The c e l l  h o u se  c o n s i s t s  o f  a  num ber o f  
e l e c t r o - p l a t i n g  c e l l s ,  i n  p a r a l l e l  t o  t h e  f lo w  o f  s o l u t i o n ,  and  i n  a 
c o m b in a t io n  o f  p a r a l l e l  and  s e r i e s  t o  t h e  f lo w  o f  c u r r e n t .
E ach  c e l l  b lo c k  c o n ta in s  72 c a th o d e s  a n d  c o r r e s p o n d in g  a n o d e s . The c a t h ­
o d e s s l i p  doom I n to  w ooden supports w h ich  h o ld  th e  m em branes, and  s o  
s e p a r a t e  t h e  c a th o d e  co m p artm en ts  from  th e  anode  c o m p a r tm e n ts . E ach  
c a th o d e  i s  a llo w e d  t o  p l a t e  m anganese  f o r  a p p ro x im a te ly  2 4 -4 8  h o u rs  a f t e r  
w h ic h  i t  i s  rem oved from  i t s  box and a  new c a th o d e  i s  s l i p p e d  i n .  The 
e n t i r e  c e l l  b lo c k  g e t s  d r a in e d  and  c le a n e d  a b o u t once  e v e r y  t h r e e  w eeks. 
A f t e r  t h i s  p e r io d  o f  tim e  th e  mem branes h a v e  s t a r t e d  t o  becom e b l in d e d  
b y  th e  d e p o s i t i o n  o f  m anganese  h y d ro x id e .
The f i v e  m a jo r  p o t e n t i a l  e l e c t r o c h e m ic a l  r e a c t i o n s  t h a t  may o c c u r  i n  t h e  
c e l l s ,  and t h e i r  s ta n d a r d  e le c t r o c h e m ic a l  p o t e n t i a l s  g iv e n  b y  W east 
( 1 9 7 6 ) ,  a r e  a s  f o l lo w s :
R e a c tio n P o t e n t i a l
Mn2+ +  2e* £ Mn -1 .029V  4 .1
2H+ + 2e* s  H2 O.OOOv 4 .2
2H20 +  2e* s  H , + 20H* -0 .8 2 8 v  4 .3
02 +  4H+ + 4 o ‘  5 2H20  +1.229V  4 .4
Mn02 + 4H+  +  2 e "  s  2H20 + Mn2+ + 1 .2 0 8 v  4 .5
The f i r s t  t h r e e  w i l l  o c c u r  on  th e  c a th o d e  a s  r e d u c t io n  r e a c t i o n s  and th e  
l a s t  tw o  w i l l  o c c u r  on  th e  anode  a s  o x id a t io n  r e a c t i o n s .  I t  i s  n o t  com­
p l e t e l y  c l e a r  w h ic h  o f  t h e  tw o r e a c t i o n s  4 .2  and  4 .3  a c t u a l l y  t a k e r  p la c e  
i n  t h e  c a th o d e . I n  d e f i n i t e  a c i d i c  s o l u t i o n s  r e a c t i o n  4 .2  o c c u r s  o n ly , 
b u t  a t  h ig h e r  pHs t h e  s e -o n d  r e a c t i o n  g a in s  i n  im p o r ta n c e , B ockri'3  
(1 9 5 4 :2 4 1 )  e s c i r a t e s  t h a t  th e  r e l a t i v e  im p o r ta n c e  of th e  two reactions 
c h an g e s  i n  t h e  pH ra n g e  8 -5  w h ic h  in c lu d e s  t h e  o p e r a t i n g  pH o f  t h e  p l a n t .  
T h is  e s t im a te  how ever i s  b a s e d  on p u r e ly  th e rm odynam ic  g ro u n d s . V e t t e r  
(1967 ) s t a t e s . t h a t  k i n e t i c  c o n s id e r a t i o n s  a r e  im p o r ta n t  and t h a t  t h e  m e ta l 
on  th e  c a th o d e  in f lu e n c e s  t h e  h y d ro g en  e v o lu t io n  g r e a t l y .  B ry so n  in  an  
e a r l y  u n p u b lis h e d  m o d e ll in g  e x e r c i s e  in c lu d e d  b o th  r e a c t i o n s  i n  a  k i n e t i c  
s tu d y ,  a n d  fo und  t h a t  t h e  m odel was i n s e n s i t i v e  t o  ev en  an o r d e r  o f  mag­
n i tu d e  ch an g e  i n  t h e  p a ra m e te r  r e l a t e d  t o  r e a c t i o n  4 . 3 .  F o r  t h e s e  r e a s o n s  
R o d rig u e s  (1983) e x c lu d e d  r e a c t i o n  4 .3  from  h i s  k i n e t i c  s t u a ,  o f  t h e  h y ­
d ro g e n  e v o lu t io n .
C e l l  H ouse  S e c t io n
T h a r e fo r e  one  i s  l e f t  w i th  o n ly  t h e  f i r s t  two r e a c t i o n s  o c c u r r i n g  on  th e  
c a th o d e . Of c o u rs e  any  m e ta l  im p u r i ty  m ore n o b le  th a n  m anganese  w i l l  p l a t e  
o u t  p r e f e r e n t i a l l y  t o  m a n g an e se , and m ust t h e r e f o r e  b e  e l im in a te d  from  
th e  e l e c t r o l y t e  s o l u t i o n ,  ' t h i s  i s  why s o  much e m p h asis  i s  p la c e d  on th e  
p u r i f i c a t i o n  o f  t h e  s o l u t i o n ,  e s p e c i a l l y  i n  t h e  c a se  o f  c o b a l t .
The MnOg t h a t  i s  p ro d u c e d  a t  t h e  anode i s  n o t  o n ly  a  w a s te  o f  m anganese, 
b u t  i t  comes o u t  o f  t h e  s o l u t i o n ,  f a l l s  t o  t h e  b o tto m  o f  t h e  c e l l  and 
b lo c k s  up  t h e  p ip e s  and  f i t t i n g s .  I t  i s  t h e r e f o r e  d e s i r a b l e  t o  r e d u c e  t h i s  
a s  much a s  p o s s i b l e .  T h is  r e a c t i o n  i s  m a s s - t r a n s f e r  l i m i t e d  s o  t h a t  t h e  
h ig h e r  t h e  c u r r e n '.  d e n s i ty  on  t h e  anode  th e  m ore  ox y g sn  w i l l  b e  p ro d u c e d  
and  t h e  l e s s  MnO^• T y p ic a l l y  on t h e  p l a n t  t h e  c u r r e n t  d e n s i ty  i s  k e p t  a t  
1000 am p s/o 2 and  th e  p r o d u c t io n  o f  oxygen  a c c o u n ts  f o r  99% o f  t h e  c u r r e n t .
4 . 2  E le c t r o - p la t in g  C ell
As i s  show n s c h e m a t ic a l ly  i n  F ig u re  5 on p a g e  29 eac h  e l e c t r o - p l a t i n g  c e l l
c o n s i s t s  o f  t h e  f o l lo w in g  s e c t i o n s :
1. A f e e d  s tr e a m  w h ic h  f lo w s  i n t o  a  c a th o d e  c o m partm en t.
2 .  A c a th o d e  com partm en t c o n ta in i n g  t h e  c a th o d e  o n to  w h ic h  t h e  m anganese  
i s  p l a t e d  o u t .  H ydrogen g a s  i s  a l s o  p ro d u ce d  a t  t h e  c a th o d e ;  t h i s  i s  
t h e  m a jo r  c a u s e  o f  i n e f f i c i e n t  c u r r e n t  u s a g e . T he hy d ro g en  b u b b le s  
o f f  from  th e  c a th o d e  and  i s  r e l e a s e d  i n t o  t h e  acm o sp h e re . T h is  b u b ­
b l i n g  a c t io n  e n s u re s  t h a t  t h e  s o l u t i o n  i n  t h e  c a th o d e  com partm en t i s  
w e l l  m ix e d , and h e n ce  may b e  c o n s id e r e d  a n  i d e a l  CSTR. T he h y d ro g e n  
g a s  i s  s a t u r a t e d  w ith  w a te r  v a p o u r  and  ammonia g a s ,  s o  s m a ll  q u a n t  I -
C e l l  Ho l s ,, a u c t io n
t i e s  o f  t h e s e  s p e c i e s  a r e  l o s t .  T h ese  l o s s e s  a r e  im p o r ta n t  f o r  th e  
o p e r a t i o n  o f  t h e  c e l l  b u t  h a v e  a  v e ry  s m a ll c o s t  v a lu e .
3 . A d ia p h ra g m , s e p a r a t i n g  t h e  c a th o d e  com partm en t from  th e  anode  com­
p a r tm e n t ,  th r o u g h  w hich  t h e  s o l u t i o n  f lo w s  from  c a th o d e  t o  a n o d e . 
T h is  d ia p h ra g m  a c t s  t o  s e p a r a t e  t h e  s o l u t i o n  in  t h e  c a th o d e  fro m  t h a t  
i n  t h e  a n o d e , a n d  in  p a r t i c u l a r  t o  r e d u c e  th e  f l u x  o f  h y d ro g e n  io n s  
t h a t  d i f f u s e  b a c k  i n t o  t h e  c a th o d e  and  w h ic h  th e n  c a u se  t h e  c u r r e n t  
i n e f f i c i e n c y .  T he d iap h rag m  i s  n o t  i o n  s e l e c t i v e  b u t  w orks p h y s i c a l ly  
t o  b lo c k  io n  m ig r a t io n  i n t o  t h e  a th o d e  a g a in s t  t h e  f lo w  o f  s o l u t i o n .
4 . The anode com partm en t c o n ta in i n g  th e  anode t h a t  p ro d u c e s  t h e  oxygen  
w h ic h  i s  t h e  p r im a ry  c o -p r o d u c t  o f  t h e  m anganese . Some MnOg i s  a l s o  
p ro d u c e d  i n  t h e  anode a s  a n  i n e f f i c i e n c y .  U nder n o rm al o p e r a t in g
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A n o d e  C om p;C a t h o d e  C o m p a r tm e n t
F ig u re  5 .  S c h e m atic  D iagram  o f  C e l l  G eom etry .
R o d rig u e s  (1983) h a s  exam ined  th e  k i n e t i c s  and  e q u i l i b r i a  o c c u r - -  & i n  
t h e  c e l l  and  h a s  m o d e lle d  t h e s e  p r o c e s s e s  on  th e  assum p'. ^on  . t i a t  t h e  
f o l lo w in g  s p e c i e s  o n ly  a re  p r e s e n t :
tin2+ , S 0 j \  NH*. H+ , NH3 , MnNli^
T h is  i s  n o t  c o n s i s t e n t  w i th  th e  r e s t  o f  t h e  p l a n t .  H owever a s  t h e  
e q u a t io n s  u se d  h a v e  b e en  f i t t e d  t o  t h i s  a ssu m p tio n  th e  i n c o n s i s t e n c i e s  
c an  b e  a v o id e d . I t  w ould  b e  p o s s ib l e  t o  change  a l l  t h e  e q u a t io n s  t o  b e  
c o n s i s t e n t  b u t  t h i s  w ould  mean t h a t  new f i t t i n g  p a ra m e te r s  i n  t h e  
e q u a t io n s  w ould  h a v e  t o  b e  fo u n d .
A f lo w c h a r t  o f  the i p ro c e d u re  f o llo w e d  in  c a l c u l a t i n g  th e  c e l l  h o use  i s  
g iv e n  i n  F ig u re  6 on  p ag e  3 1 . The p ro c e d u re  i s  exam ined  i n  g r e a t e r  d e t a i l  
i n  t h e  f o l lo w in g  s e c t i o n s .
C a ll  H ouse  S e c t io n
C a J c .  Dfaphraga
E s t t m .  pH
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4 .3  F e e d  S t re a m
The e q u i l ib r iu m  o f  s p e c i e s  i n  t h e  f e e d  s tr e a m  n e e d s  t o  b e  e x p l i c i t l y  
c a l c u l a t e d  s in c e  th e  c o n c e n t r a t io n s  o f  t h e  f r e e  ammonia s p e c i e s  a r e  im ­
p o r t a n t  f o r  t h e  h y d r o g e n - io n  b a la n c e  i n  t h e  c e l l .  I t  a l s o  g iv e s  an  id e a  
o f  t h e  c o n c e n t r a t io n s  t o  b e  e x p e c te d  i n s i d e  t h e  c e l l  b a s e d  on  th e  new 
a s su m p tio n  a b o u t t h e  s p e c i e s  p r e s e n t .
T h e re  a r e  tw o im p o r ta n t  e q u i l ib r iu m  r e a c t i o n s ,  w h ic h  t o g e t h e r  w i th  th e  
e l e c t r o n e u t r a l i t y  e q u a t io n  a n d  t h e  m anganese  com ponent b a la n c e  e q u a t io n  
e n a b le  one  t o  c a l c u l a t e  -he  c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  i n  t h e  f e e d ,  
p r o v id e d  th e  t o t a l  m anganese  and  s u lp h a t e  c o n c e n t r a t i o n s ,  and  th e  pH o f  
t h e  f e e d  a r e  known. T h ese  e q u a t io n s  a re :
MANt  = Mn + MnNHg (Mn com ponent b a la n c e )  4 .6
NH^ +  2MANt  = ZSULPHp ( e l e c t r o n e u t r a l i t y ,  H = 0 )  4 .7
(H x MnNH3 )/(M n x NH4 ) =  Kc (Mn2+ + NH* 5 MnNH^+ +  H4 ) 4 .8
NH4 / ( H x NH3)  = Ka (NH3 + H+  5 NH4 ) 4 .9
I n  t h i s  c a s e  t h e  K v a lu e s  a r e  s t i l l  e q u i l ib r iu m  r a t i o s ,  b u t  R o d r ig u e s  
(1963 ) h a s  d e te rm in e d  t h e s e  e x p e r im e n ta l ly  on th e  b a s i s  o f  c o n c e n t r a t io n s  
and h a s  f i t t e d  t h e s e  t o  te m p e r a tu r e ,  s o  i t  i s  n o t  n e c e s s a r y  t o  f i n d  a c ­
t i v i t y  c o e f f i c i e n t s .  T he K v a lu e s  a r e  p r e s e n te d  i n  A ppendix  A. The a l ­
C e l l  H ouse S e c t io n
g o r ith m  f o r  c a l c u l a t i n g  t h e  e q u i l ib r iu m  s p e c ie s  i s  p r e s e n te d  in  A ppendix
4 .4  A n o d e  C o m p a r tm e n t
G iven  p a r t i c u l a r  v a lu e s  f o r  c u r r e n t  e f f i c i e n c i e s  and  t h e  l o s s e s  o f  ammonia 
and  w a te r  i n  t h e  c a th o d e  and  anode i t  i s  p o s s i b l e  t o  p e rfo rm  a  m ass b a l ­
ance  o v e r  t h e  c o m p le te  c e l l  t o  f i n d  t h e  f l o w r a t e  and  t o t a l  c o n c e n t r a t io n s  
o f  m a n g an e se , ammonia and s u lp h a t e  i n  t h e  e x i t  s t r e a m . A m ass b a la n c e  
e n v e lo p e  f o r  t h i s  i s  shown i n  F ig u re  7 on p a g e  3 5 . As t h e  e v o lu t io n  o f  
oxygen  i n  t h e  anode r e s u l t s  i n  good m ix in g  o f  t h e  s o l u t i o n ,  i t  may b e  
assum ed t h a t  t h e  anode com partm en t b e h a v e s  l i k e  a  CSTR. T h is  im p l ie s  t h a t  
t h e  s o l u t i o n  i n  t h e  anode  com partm en t h a s  t h e  sam e c o m p o s i t io n  a s  th e  e x i t  
s t r e a m . H ence know ing th e  e x i t  s t r e a m , c o n d i t io n s  a t  t h e  anode may be 
c a l c u l a t e d .  The anode s o l u t i o n  i s  r e g e n e r a t e d  a c id  n t  a  low pH (< 1) and 
c o n ta in s  t h e  f o l lo w in g  s p e c i e s :
Hn2+, m*. H+, so2", mo"
T h e re  i s  no  aq u eo u s NHg p r e s e n t  and th e  H+ c o n c e n t r a t i o n  i s  s i g n i f i c a n t .  
To c a l c u l a t e  t h e  in d iv i d u a l  c o n c e n t r a t io n s  t h e  f o l lo w in g  e q u a t io n s  a re
MAHp = Mn (Mn com ponent b a la n c e )  4 .1 0
AMHp =  NH^ (Am com ponent b a la n c e )  4 .1 1
SULPH^, = S04 + HSO^ (S u lp h  com ponent b a la n c e )  4 .1 2
2Mn + NH^ + H = 2SO^ + HSO^ ( e l e c t r o n e u t r a l i t y )  4 .1 3
(H x S04 )/H S04  =  Kh (HS04  a  H+ + S 0 j ')  4 .1 4
A g a in , R o d r ig u e s  h a s  m o d e lle d  t h e  e q u i l ib r iu m  r a t i o  Kh a s  a  f u n c t i o n  o f  
t e m p e r a tu r e .  I t  i s  p r e s e n te d  in  A ppendix  A. The e q u a tio n s  and  a lg o r i th m  
u se d  i n  t h i s  s e c t i o n  a r e  p r e s e n te d  in  A ppendix  F .
/C a t h o d e  Com p' A n o d e  Comp;
F ig u re  7 . Anode Mass B a la n c e  E n v e lo p e .
C e l l  H ouse S e c tio n
4 .5  D ia p h ra g m
To c a l c u l a t e  t h e  c a th o d e  com partm en t c o n d i t io n s  I t  i s  im p o r ta n t  t o  know 
th e  m o la r  f l u x e s  o f  s p e c i e s  a c r o s s  t h e  membrane. B ryson  and L aw rence  
(1980 ) h a v e  d e v e lo p e d  an  e q u a t io n  t h a t  may b e  u s e d  f o r  t h i s  p u r p o s e . I t  
i s  n o t  n e c e s s a r y  t o  c a l c u l a t e  t h e  s u lp h a t e  f l u x  a s  t h e  s u lp h a t e  c o n c e n ­
t r a t i o n  i s  n o t  u se d  in  t h e  c a th o d e . As i t  i s  o b s e rv e d  in  p r a c t i c e  t h a t  
t h e  m anganese  c o n c e n t r a t i o n  i n  t h e  c a th o d e  e q u a ls  t h a t  i n  t h e  anode  i t  
i s  a l s o  n o t  n e c e s s a r y  t o  know th e  m anganese  f l u x .
T he a s su m p tio n  i s  a l s o  made t h a t  no  b i s u l p h a t e  i o n  i s  p r e s e n t  i n  t h e  
m em brane, i n  o th e r  w ords i t  i s  assum ed t h a t  t h e s e  io n s  d i s s o c i a t e  a t  t h e  
s u r f a c e  o f  t h e  membrane on  th e  anode s i d e .  The b i s u l p h a t e  io n  o n ly  e x i s t s  
a t  low pKs and  w ould  r e a d i l y  d i s s o c i a t e  a s  t h e  pH in  t h e  membrane i n ­
c r e a s e s  to w a rd s  t h e  c a th o d e . The tw o im p o r ta n t  f l u x e s  a r e  th u s  H+  and 
NH^. The f l u x  e q u a t io n  f o r  th e  tw o s p e c i e s  i s  p r e s e n t e d  i n  A ppendix  G. 
The d e r i v a t i o n  i s  n o t  g iv e n  and may b e  fo u n d  i n  t h e  p a p e r  o f  B ry so n  and 
L aw rence  ( 1 9 8 0 ) ,  o r  i n  t h e  d i s s e r t a t i o n  o f  R o d r ig u e s  (1 9 8 3 ). The m an ip ­
u l a t i o n  o f  t h e  e q u a t io n  i n t o  a u s e a b le  form  i s  g iv e n .  The f l u x  o f  hy d ro g en  
i s  from  th e  anode t o  t h e  c a th o d e . The f l u x  o f  ammonia i s  from  th e  c a th o d e  
t o  t h e  a n o d e , and  th e  r e s u l t  o f  t h i s  i s  a  h ig h e r  c o n c e n t r a t i o n  o f  ammonia 
i n  t h e  c a th o d e  th a n  in  t h e  anode.
T he membrane i s  made o f  p o ly p r o p y le n e  w i th  a  2x2 t w i l l e d  D u tch  w eave. 
Cook (1978) h a s  s tu d i e d  t h i s  membrane and r e p o r t s  an a v e ra g e  th i c k n e s s  
o f  1 .3 7  mm and  a  v o id  f r a c t i o n  o f  0 .6 7 .  Ho o b ta in e d  th e  l a t t e r  v a lu e  from  
th e  m ass p e r  u n i t  a re a  o f  t h e  m em brane, t h e  t h i c k n e s s  and th e  m r i a l  
d e n s i ty .  He r e p o r t s  v a lu e s  f o r  t h e  above  o f  415 g /m = and 0 .9 1  g /cm 1 . The 
t o t a l  a r e a  p e r  c e l l  b a th  depends on th e  num ber o f  c a th o d e s  p e r  b a th  as 
w e l l  a s  t h e  d im e n s io n s  o f  t h e  w ooden s u p p o r ts  and th e  l e v e l  o f  t h e
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e le c t r o ] .y t e  i n  t h e  c a th o d e .  The v a lu e  u s e d  i s  p r e s e n te d  w i th  t h e  o th e r  
p r o c e s s  c o n s t a n t s  i n  A ppendix  J .
4 .6  C a th o d e  C o m p a r tm e n t
U sing  t h e  d ia p h ra g m  e q u a t io n  '' :lie ammonia g iv e s  t h e  t o t a l  c o n c e n t r a t i o n
o f  ammonia i n  t h e  c a th o d e  .p a r tm e n t.  The t o t a l  c o n c e n t r a t i o n  o f
m anganese  i s  known t o  b e  t h e  same a s  i n  t h e  anode so  i t  i s  now p o s s ib l e  
t o  c a l c u l a t e  t h e  e q u i l ib r iu m  c o n c e n t r a t i o n s  a s  a f u n c t io n  o f  pH. The 
s p e c ie s  p r e s e n t  a r e  t h e  same a s  i n  t h e  f e e d  s tr e a m . As th e  pH i s  i n  t h e  
r e g io n  6 - 6 ,  t h e  a c tu a l  hy d ro g en  io n  c o n c e n t r a t i o n  i s  s m a ll  and  may b e  
n e g le c te d  in  t h e  e l e c t r o n e u t r a l i t y  e q u a t io n  and i n  t h e  h y d ro g en  io n  b a l ­
a n ce  o v e r  t h e  c a th o d e  c o m partm en t. The e q u a t io n s  u se d  t o  c a l c v ’ a t e  t h e  
e q u i l i b r i a  a re :
MAHp = Mn + MnNHg (hn  com ponent b a la n c e )  4 .1 5
AMlij =  +  NHg +  MnNHj ,4mm com ponent b a la n c e )  4 .1 6
2mant  +  m u 2S0. ( e l e c t r o n e u t r a l i t y ,  H=0) 4 .1 7
(H x MnNH3)/(M ii x NH^) = Kc (Mn2*  + NH* s  H+ + MnNH24) 4 .1 8
NH4 / ( H x NH3 ) = Ka (NH3 + H+ = NH4 )
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I n c lu d in g :
H =  1 0 'pH 4 .2 0
A m ass b a la n c e  on  th e  hy d ro g en  io n  a ro u n d  th e  c a th o d e  com partm en t i s  
p e rfo rm e d . A m ass b a la n c e  e n v e lo p e  f o r  t h i s  i s  shown i n  F ig u re  8 on p a g e  
4 1 . The im p o r ta n t  p o in t  t o  n o te  i s  t h a t  t h e r e  i s  no  f r e e  ammonia s p e c ie s  
p re se n t,  i n  th e  a n o d e . T h e r e fo r e  a l l  t h e  . ' t e e  ammonia s p e c i e s  t h a t  a r e  
p r e  h e  f e e d  s t r e a m , l e s s  t h e  am ount o f  NH^ t h a t  g e ts  s t r i p p e d  by
, a s  a t  th e  c a th o d e ,  m ust r e a c t  w i th  h y d ro g e n  io r .r  b e fo r e  th e y  
> ic m p a r tm e n t. The a s su m p tio n , s i m i l a r  t o  t h a t  in  S e c t io n
s ..-id. t! . t h i s  r e a c t i o n  o c c u r s  a t  t h e  s u r f a c e  o f  t h e  membrane on 
c a th o d e  s u o - ,  i . e .  no  f r e e  am t-.m ia s p e c i e s  e x i s t  i n  t h e  membrane. 
tis r e a c t i o n  i s iv - .e s  t h e  n e t  h y d ro g en  f l u x  t o  t h e  c a th o d e  c om partm en t. 
'Jtiiiei: s t e a d y - s t a ;  c o n d i t i o n s ,  and n e g le c t in g  th e  a c t u a l  hy d ro g en  io u  
c a ix se irc ra t io n  in  t..i- f e e d ,  t h e  n e t  f l u x  o f  h y d ro g e n  i n t o  th e  c a th o d e  
com partm en t m ust t h e  am ount o f  h y d ro g en  t h a t  i s  e v o lv e d  a t  t h e
c& tho 'le .
R o d r ig u e s  (1963 ) made an  e r r o r  i n  t h i s  s e c t i o n  when h e  assum ed t h a t  t h e  
r e d u c t io n  .1% f lu x  i a  c a u se d  by  th e  f lo w , th r o u g h  th e  membrane to  t h e  
a n o d e , o f  a l l  t h i  f r e e  ammonia s p e c i e s  i n  t h e  c a th o d e  co m p artm e n t. As 
t h e  pH in s i d e  t h e  ca thode , com partm en t i s  g r e a t e r  t h a n  t h e  pH o f  t h e  f e e d  
s t r e a m ,  t h e  e q u i l i b r i a  o f  t h s  r e a c t i o n s  b e tw ee n  th e  f r e e  ammonia s p e c i e s  
and ammonium io n  sp c ic ib -  i n  s o l u t i o n  c h a n g e , r e s u l t i n g  i n  a  much
g r e a t e r  c o n c e n t r a t i o n  o f  f r e e  ammonia s p e c i e s  i n  t h e  c a th o d e  c om partm en t. 
T h e r e fo r e  a s  t h e  f e e d  s tr e a m  e n t e r s  t h e  c a th o d e  com partm en t w i th  i t s  
h ig h e r  pH , h y d ro g a a  io n s  a r«  r  - le a s e d  i n t o  t h e  s o l u t i o n .  T h is  i s  an e x t r a  
s o u r c e  o f  hy d ro g en  io n s  thu*; 't c d r ig u e s  d id  n o t  ta k e  i n t o  a c c o u n t.  The 
c o r r e c t  way t o  a c c o u n t f o r  t h e s e  p r o c e s s e s  i s  a t  d e s c r ib e d  i n  th e  p r e v io u s  
p a ra g ra p h .
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R o d rig u e s  h a s  m o d e lle d  t h e  k i n e t i c s  o f  t h e  c u r r e n t  e f f i c i e n c y  in  th e  
c a th o d e  com partm en t a s  a  f u n c t i o n  o f  t h e  l o c a l  p r o p e r t i e s  and  h a s  o b ta in e d  
t h e  f o l lo w in g  e q u a t io n :
Se  =  1 /( 1  + C l x J 1  x J2  x J 3  x H/Mn) 4 .2 1
J 1  = 1 + (C2 x CoT/Mn) 4 .2.?
J2  =  1 + e x p (12300/T c -4 0 . -53) 4 .2 3
J 3  =  1 -  1 .213 * 1 0 "*  x ( I e --3 Q ) + 1 .2 7 8 x 1 0 *5 x ( 1 ^ - 5 5 0 ) ' 4 .2 4
And w h ere :
A constant
A c o n s ta n t
T em p era tu re °C
I c  ■ C u r r e n t  D e n s i ty amps/m2
H H ydrogen  io n  conc.. km ole /m 3
Mn = M anganese co n c . km ole /m 3
COT n. T o ta l  Co c o n c . k iao le/m 3
The num ber o f  m oles o f  h y d ro g en  e v o lv e d  may a l s o  b e  c a l c u l a t e d  from  th e  
c u r r e n t  e f f i c i e n c y  and th e  t o t a l  c u r r e n t  i f  h yd rogen  g a s  i s  t h e  o n ly  o th e r  
p r o d u c t  a t  t h e  c a th o d e . U s in g  t h e  above  e q u a t io n ,  t h e  c u r r e n t  e f f i c i e n c y  
i s  a  f u n c t i o n  o f  pH (Mn i s  a  f u n c t i o n  o f  pH v i a  th e  e q u i l i b r i a ) .  I t  i s  
th e n  p o s s i b l e  t o  f i n d  th e  p a r t i c u l a r  pH in  t h e  c a th o d e  com partm en t t h a t  
b a la n c e s  th e  am ount o f  hy d ro g en  e v o lu t io n ,  v i a  t h e  c u r r e n t  e f f i c i e n c y  
e q u a t io n  and th e  t o t a l  c u r r e n t ,  w i th  t h e  n e t  f l u x  o f  h y d ro g en  in to  t h e
C e l l  H ouse  S e c t io n
co m p artm e n t. An 
i s  im p lem en ted
a lg o r i th m  f o r  d o in g  t h i s  b a se d  
and  i s  p r e s e n t e d  in  A ppendix  H.
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F e e d ,N H 3 ,MnNH:
A n o d e  Comp a r  tm e r rC a t h o d e  C o m p a r tm e n t
F ig u re  8 . C a thode  H ydrogen Io n  B a la n c e  E n v e lo p e .
V
4 .7  C o m p le te  C ell
To a d v an c e  t o  t h i s  p o in t  i n  t h e  moc.el i t  h a s  be en  n e c e s s a r y  t o  ta k e  v a lu e s  
f o r  t h e  c u r r e n t  e f f i c i e n c i e s  and w a te r  and ammonia l o s s e s .  T h is  was done 
t o  c a l c u l a t e  t h e  m ass b a la n c e  o v e r  t h e  c e l l  and t o  th e n  o b ta in  t h e  anode 
c o n d i t i o n s .  I t  i s  now p o s s ib l e  t o  c a l c u l a t e  t h e s e  v a lu e s  from  th e  new ly  
found  d e t a i l s  o f  th e  c a th o d e  and  a n o d e .
The new c a th o d e  c u r r e n t  e f f i c i e n c y  i s  c a l c u l a t e d  from  th e  amount o f  h y ­
d ro g en  g a s  e v o lv e d  w i th  t h e  f o l lo w in g  e q u a tio n  u s in g  th e  F a ra d a y  c o n s t a n t .
5C =  1 -  BBxHprod 4 .2 5
w here  BB = 9 .6 5 x l0 7/ I  s /k m o le
H prod i s  t h e  p r o d u c tio n  r a t e  o f  h y d ro g en  g a s  and i s  i n  km ole o f  hy d ro g en  
atom s p e r  s e c o n d .
The new anode c u r r e n t  e f f i c i e n c y  i s  e s t im a te d  from  th e  e q u a t io n  p r e s e n te d  
b y  S o d r ig u e s  (1 9 8 3 ):
=  1 -  1 .5 8 x M n /[Ia ] 4 4 .2 6
w here  I  i s  1000 amps/m2 on th e  p l a n t .
The l o s s e s  o f  w a te r  and ammonia from  th e  c a th o ly t e  and th e  a n o ly te  a re  
o b ta in e d  by assum ing  th a t;  t h e  h y d ro g en  and oxygen  t h a t  a r e  e v o lv e d  a re
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s a t u r a t e d  w i th  t h e  a p p r o p r i a t e  s p e c i e s .  I n  t h e  anode t h e r e  a r e  i s  no  f r e e  
am taouia, s o :
(m o le s  HgO lo s t ) / ( m o l e s  0^ e v o lv e d )  «  g y /C l-g ^ )  4 .2 7
I n  th e  c a th o d e  b o th  ammonia and  w a te r  va p o u r a r e  l o s t  i n  th e  h y d ro g en  a s  
i t  e v o lv e s , s o  th e  e q u a t io n s  a r e :
(m o les  HgO lo s t ) / ( m o l e s  H2 e v o lv e d )  = 4 .2 8
(m o le s  NH3 lo s t ) / ( m o l e s  H2 e v o lv e d )  = yn / ( l - y  -yn ) 4 .2 9
w here  t h e  and  a r e  t h e  m ole f r a c t i o n s  i n  t h e  e v o lv in g  g a s e s  f o r  w atex  
v a p o u r(w )  and am m on ia (n ). R o d r ig u e s  (1983 ) h a s  f i t t e d  t h e  f o l lo w in g  
e q u a t io n  from  ste am  t a b l e s  f o r  t h e  w a te r  v a p o u r .
- 1 .2 6 7  + 0 ,0 0 4 2 8  >
T he same e q u a t io n  i s  u s e d  for. g ^ .  F o r t h e  ammonia e q u i l ib r iu m ,  i t  i s  
assum ed t h a t  H e n ry 's  Law a p p l i e s . Thus t h e  m ole f r a c t i o n  o f  ammonia in  
t h e  g as i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  ammonia i n  t h e  s o l ­
u t i o n .  The p r o p o r t i o n a l i t y  c o n s t a n t  i s  c a l c u l a t e d  i n  A ppendix  K, u s in g  
d a t a  fro m  P e r ry  and  C h i l to n  (1 9 7 3 ) .  The e q u a t io n  re c o m e s :
0 .0 3 6 7  x [NH- + NH,j
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T hus new v a lu e s  f o r  t h e  l o s s e s  o f  w a te r  and ammonia a r e  fo u n d . The e n t i r e  
c a l c u l a t i o n  i s  t h e n  r e p e a te d  w i th  t h e  new v a lu e s  i n  an  i t e r a t i v e  m anner 
u n t i l  t h e  t h e  v a lu e s  u s e d  e q u a l  th o s e  c a l c u l a t e d ,  and c o n v e rg e n c e  o c c u r s .  
A t t h i s  p o i n t  a l l  e q u a t io n s  a r e  s a t i s f i e d .
I n  th e  c a l c u l a t i o n s  o f  t h e  c e l l  h o u se  i t  i s  a l s o  n e c e s s a r y  t o  know th e  
d e n s i t i e s  o f  t h e  s o l u t i o n s  i r  -h e  f e e d  s tr e a m , t h e  anode  com partm ent and 
t h e  c a th o d e  co m p artm e n t. T h ese  v a lu e s  h av e  be en  m e asu re d  on th e  p l a n t  and 
a r e  1185 , 1160 and  1165 kg /m 1 r e s p e c t i v e l y .  They a r e  ta k e n  t o  b e  con ­
s t a n t s ,  i . e .  in d e p e n d e n t  o f  te m p e r a tu re  o r  c o n c e n t r a t i o n .
I n  t h i s  way a l l  th e  im p o r ta n t  ope ,
The c o n c e n t r a t i o n  o f  Mn2+ in  thv . ■ 
w i th  t h e  max.'mum a llo w e d  by  t h e  hyd ro ; 
e q u a t io n  u s e d  i s :
e  c e l l  h o u se  a r e  d e f« ira ln e d . 
ap a r tm e n t m ust now b e  com pared 
. p r e c i p i t a t i o n  r e a c t i o n .  The
Mneq = Hz/Kmn
w here  Kmn i s  t h e  s o l u b i l i t y  p r o d u c t  r a t i o  p r e s e n te d  i n  A ppendix  A. I f  tin 
> Mneq th e n  m a n g an ise  h y d ro x id e  p r e c i p i t a t i o n  w i l l  o c c u r ,  and  c o n d i t io n s  
c a l c u l a t e d  by th e  m odel a r e  i n c o r r e c t .  The m odel m ust b e  r e r u n  w ith  
d i f f e r e n t  v a r i a b l e s .
4 . 8  C e ll V o lta g e
T he c e l l  v o l ta g e  i s  t\< n o f  f i v e  c o m ponen ts , nam ely :
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1. The p o t e n t i a l  b e tw een  th e  anode  and th e  anode  e l e c t r o l y t e ,  w hich  
c o n s i s t s  o f  t h e  t h e  s ta n d a r d  e le c t r o c h e m ic a l  p o t e n t i a l  p lu s  th e  
o v e r p o t e n t i a l  f o r  t h e  r e a c t i o n .
2 . The ohm ic p o t e n t i a l  d r ^  a c r o s s  t h e  anode e l e c t r o l y t e  from  th e  anode 
t o  t h e  membrane.
3 . The ohm ic p o t e n t i a l  d ro p  a c r o s s  t h e  membrene from  th e  anode  a id e  t o  
t h e  c a th o d e  s i d e .
4 .  The ohm ic p o t e n t i a l  d ro p  a c r o s s  t h e  c a th o d e  s o l u t i o n  from  th e  membrane 
t o  t h e  c a th o d e .
5 . The p o t e n t i a l  b e tw een  th e  c a th o d e  e l e c t r o l y t e  and  t h e  c a th o d e . T h is  
c o n s i s t s  o f  t h e  s ta n d a r d  e l e c t r o c h e m ic a l  p o t e n t i a l  p lu s  t h e  o v e rp o -  
t e n t i a l .
4 .8 , 1  C a ;;h o d ic  and  A nodic P o t e n t i a l s
The to . .» l  e l e c t r o d e  p o t e n t i a l s  a r e  t h e  sum o f  t h e s e  e q u i l ib r iu m  v a lu e s  
and th e  o v e r p o t e n t i a l s .  The e lH c trc -c h e m ic a l p o t e n t i a l  d ro p s  a r e  g iv e n  
by
E1 = E® + R T ln d j /C C ^  x I®X)> /F  4 .3 3
w here  E? a r e  t h e  s ta n d a r d  e le c t r o c h e m ic a l  p o t e n t i a l s  g iv e n  in  S e c t io n  
4 .1 ,  Ij, a r e  t h e  c u r r e n t  d e n s i t i e s  and  i s  t h e  c o n c e n t r a t i o n  o f  th e  
c h a rg e d  r e a c t i n g  s p e c i e ,  i . e .  H+ a t  t h e  anode and Mn2*  a t  t h e  c a th o d e .
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N ic o l  (1 3 7 6 )  g iv e s  a v a lu e  f o r  t h e  exchange  c u r r e n t  d e n s i ty  f o r  oxygen  
e v o lu t io n  on a  le a d  anode o f i
H u rle n  a n d  V alan d  (1964) show  t h a t  t h e  exch a n g e  c u r r e n t  d e n s i ty  f o r  th e  
c a th o d e  r e a c t i o n  i s  a  f u n c t i o n  o f  te m p e r a tu re  and i s  g iv e n  by :
The ohm ic  p o t e n t i a l  d ro p  a c r o s s  t h e  membrane h a s  p ro v e d  to o  d i f f i c u l t  t o  
b e  m o d e lle d . The v a lu e  m easu red  on th e  p l a n t  v a r i e s  b e tw ee n  1 .0 - 1 .5  v o l t s .  
I n  t h e  m odel i t  i s  ta k e n  t o  b e  1 v o l t .  The a b s o lu t e  c e l l  v o l ta g e  v a lu e  
i s  n o t  v e r y  im p o r ta n t  a s  i t  i s  m a in ly  u s e d  f o r  c o m p ariso n s  b e tw ee n  d i f ­
f e r e n t  o p e r a t i n g  p o i n t s .
4 .8 .2  Ohmic P o t e n t i a l  D rops 
The ohm ic  e q u a t io n  i s ;
The a v e ra g e  d i s t a n c e s  b e tw een  th e  c a th o d e  and  m em brane, L , and  th e  mem-
? . l x l 0 10 x T x exp (-6 3 » 0 0 /R T ) "mps/m*
b r a n e  a n d  a n o d e , L , on t h e  p l a n t  a r e  a b o u t 3x10 ^ m.
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T oaaw a, S a s a k i  and  Umetsu (1982 ) p r e s e n t  t h e  f o l lo w in g  e q u a tio n  g iv in g  
t h e  e l e c t r i c a l  c o n d u c ta n c e  fah o s/m ) o f  an  e l e c t r o l y t e  c o n ta in in g  
s u lp h u r i c  a c id ,  a s  a  f u n c t i o n  o f  t h e  h y d ro g en  io n  c o n c e n t r a t io n .
=  (1 7 ,6  x H) +  3 4 ,7
K a r e lo v , D o ro s h k e v ic h , Khudyakov and  G ry a zn u k h in a  (1980J p r e s e n t  an 
e q u a t io n  o b ta in e d  by r e g r e s s io n  g iv in g  th e  e l e c t r i c a l  c o n d u c ta n ce  
(m hos/m ) o f  an  ammonium s u lp h a t e  e l e c t r o l y t e .
K = - 4 .0 0  -  0.28xN H . + 30.19xNH, + 4 . 0 M b  + 2 .2 7 x (T -2 7 3 )
The e q u a tio n  was d e v e lo p e d  f o r  z in c  and c o p p e r ,  • a t  a ssum ing  t h a t  
m anganese  b e h av e s  s i m i l a r l y  t o  z in c  e n a b le s  c n e  t o  u s e  i t .  The v a r i a b l e s  
i n  t h e  above e q u a t io n  a r e  t h e  c o n c e n t r a t i o n s  o f  NH^, NH^ and  Mn2+, and 
t h e  te m p e r a tu re  i n  0K.
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T he c o m p le te  p l a n t  mode), may now b e  c a l c u l a t e d .  To do t h i s  v a lu e s  f o r  
c e r t a i n  o p e r a t i n g  v a r i a b l e s  m ust b e  c h o se n . I t  I s  by  th e  ju d i c io u s  c h o ic e  
o f  t h e s e  v a r i a b l e s  t h a t  t h e  o v e r a l l  p r o c e s s  may b e  o p tim is e d . T h ese  v a r ­
i a b l e s  a r e  t h e  f o l lo w in g :
1 . F lo w r a te  o f  s o l u t i o n .  Assumed c o n s ta n t  th r o u g h o u t  p l a n t .
2 .  T o ta l  c u r r e n t  s u p p l i e d  t o  th e  c e l l  h o u se .
3 . C o n c e n t ra t io n  o f  s u lp h a t e .  Assumed c o n s t a n t  th r o u g h o u t  p l a n t .
4 .  C o n c e n t ra t io n  o f  ammonia.
5 . L each  pH, i n  t h e  r a n g e  6 .0 - 7 .2  .
6 .  S u lp h id e  s e c t i o n  pH, i n  t h e  ra n g e  6 .0 - 7 .2  .
7 . C e l l  h o u se  f e e d  pH , i n  ra n g e  6 .0 - 8 .0
8 . Ammonium s u lp h id e  a d d i t i o n  r a t e  i n  s u lp h id e  s e c t i o n .
T he m odel u s e s  t h e  c o n c e n t r a t io n s  o f  s u lp h a t e  and  ammonia s p e c ie s  t o  
c a l c u l a t e  t h e  s o l u t i o n  e q u i l i b r i a  i n  th e  v a r io u s  s e c t i o n s .  T hese  two 
c o n c e n t r a t io n s  a r e ,  u n f o r t u n a t e ly ,  n o t  e a s y  t o  v i s u a l i s e ,  and  a r e  n o t  
n o rm a l ly  u s e d  on  th e  p l a n t .  The p e o p le  who o p e r a te  t h e  p l a n t  p r e f e r  t o  
th in k  i n  te rm s  o f  t h e  t o t a l  ammonium s u lp h a t e  c o n c e n t r a t i o n ,  i n  kg /m a , 
and  th e  t o t a l  m anganese  c o n c e n t r a t io n  in  t h e  l e a c h ,  i n  kg /m 1, end  w ould 
t h e r e f o r e  l i k e  t o  s p e c i f y  t h e s e  v a lu e s .  U n fo r tu n a te ly  t h e y  a r e  d i r e c t  
o u tp u ts  o f  t h e  m o d e l, and  one w ould t h e r e f o r e  b e  t r y i n g  t o  s p e c i f y  th e
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o u tp u ts  and  c a l c u l a t e  t h e  in p u t s .  T h is  i s  n o t  how a t r u e  m odel s h o u ld  
w ork . A com prom ise c an  b e  made h o w w e r . From s p e c i f i c a t i o n s  o f  t h e  c o n ­
c e n t r a t i o n s  i n  kg /m 3 o f  ammonium s u lp h a t e  and m anganese  i n  t h e  l e a c h ,  i t  
i s  p o s s i b l e  t o  e s t im a te  t h e  c o n c e n t r a t io n s  o f  ammonia and s u lp h a t e  s p e c ie s  
in  s o l u t i o n .  U sing  t h e s e  e s t im a te d  v a lu e s  a s  g iv e n  '" a lu e s  t h e  a c tu a l  
c o n c e n t r a t io n s  o f  m anganese  and  ammonium s u lp h a te  c an  b e  c a l c u l a t e d .  
T h ese  v a lu e s  w i l l  n o t  b e  t o o  f a r  from  th e  s p e c i f i e d  v a lu e s .  T h e r e fo r e  th e  
m odel h a s  b e e n  changed  t o  accommodate t h i s : i n s t e a d  o f  p o in t s  3 and  4 
above b e in g  s p e c i f i e d ,  t h e  c o n c e n t r a t i o n s  o f  ammonium s u lp h a t e  and 
m anganese  i n  t h e  le a c h  a r n  s p e c i f i e d  i n  kg /m 1 .
The {ji{ v a lu e s  i n  th e  s u lp h id e  s e c t i o n  and th e  c e l l  f e e d  a r e  n o t  p r o p e r ly  
in d e p e n d e n t a s  th e y  a r e  m o s t ly  d e c id e d  by  th e  le a c h  pH. T h e r e fo r e  v a lu e s  
a r e  c h o sen  t o  b e  th o s e  e x p e r ie n c e d  on th e  p l a n t  r e l a t i v e  t o  t h e  le a c h  pH. 
The te m p e r a tu re s  i n  th e  p l a n t  a r e  d i f f i c u l t  t o  c o n t r o l  t o  a b s o lu te  v a lu e s  
and f o r  t h e  m odel p l a n t  v a lu e s  a r e  u s e d . I t  h a s  b e e n  shown by  R o d r ig u e s  
(1963 ) t h a t  t h e  optim um te m p e r a tu re  in  t h e  c e l l  h o u se  f o r  t h e  c a th o d e  
c u r r e n t  e f f i c i e n c y  i s  39°G.
A s t a n d a r d  s e t  o f  o p e r a t in g  v a r i a b l e s  i s  u se d  t o  g iv e  a r e f e r e n c e  o p e r ­
a t i n g  s t a t e  t o  w h ich  c o m p ar iso n  may b e  m ade. T h is  s e t  o f  v a r i a b l e s  h as 
b e en  c h o sen  t o  mim ic t h e  o p e r a t in g  c o n d i t io n s  on th e  p l a n t  a s  f a r  as 
p o s s i b l e ,  t o  make t h i s  s ta n d a r d  s e t  a s  m ore m e a n in g fu l ,  and  p o t e n t i a l  
im p rovem ents m ore r e l e v a n t . The s e t  o f  o p e r a t i n g  v a r i a b l e s  i s  g iv e n  in  
A ppendix  J .
T h ere  a r e  a l s o  s e v e r a ' c o n s ta n t s  i n  th e  v a r io u s  e q u a t io n s  u se d  w hose 
- • s lu e s  may b e  v a r i e d  so  t h a t  t h e  m odal r e s u l t s  com pare t o  t h e  a c t u a l  op ­
e r a t i n g  d a t a .  T h ese  i n c lu d e  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  h y d ro g en  and 
ammonium io n s ,  c o n s ta n t s  i n  t h e  e q u a t io n s  d e s c r ib in g  th e  k i n e t i c s  o f  
v a r io u s  p r o c e s s e s  a s  w e l l  a s  t h e  e q u i l ib r iu m  c o n s ta n t s  and  r a t i o s .  Once
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th e y  h a v e  b e en  d e te rm in e d  t c  g iv e  t h e  c l o s e s t  a g re em e n t t o  t h e  p l a n t  th e y  
m ust n o t  b e  c h a n g e d . The v a lu e s  u se d  "o r t h e  c o n s t a n t s  a r e  a l s o  g iv e n  
in  A ppendix  J .
The p ro c e d u re  th e n  fo llo w e d  i n  c a l c u l a t i n g  th e  m odel i s  a s  f o l lo w s :  f i r s t
t h e  le a c h  s e c t i o n  i s  s o lv e d .  The o r e  f e e d  r a t e  c an  o n ly  b e  d e te rm in e d  once  
th e  c e l l  h o u se  r e t u r n  s tr e a m  i s  know n, b u t  t h i s  i s  n o t  r e q u i r e d  f o r  th e  
le a c h  c o n d i t i o n s .  The s u lp h id e  p r e c i p i t a t i o n  s e c t i o n  i s  th e n  c a l c u l a t e d  
and  th e  ] e v e l  i f  i m p u r i t i e s  fo und  (CoT) . The im p u r i ty  l e v e l  p r i o r  t o  th e  
s u lp h id e  s e c t i o n  i s  n o t  known and  h ence  t h e  e f f i c i e n c y  o f  t h e  p r e c i p i ­
t a t i o n  i s  n o t  know s. T h is  i s  n o t  a t te m p te d  a s  t h e  Co l e v e l  i s  o f  im p o r­
ta n c e  o n ly  i n  t h e  ;e lx  h o u se  w here  i t  i n f lu e n c e s  t h e  k i n e t i c s  o f  th e  
p l a t i n g .  The c e l l  h o u se  s e c t i o n  i s  th e n  c a l c u l a t e d  t o  f i n d  th e  p r o d u c t io n  
r a t e s  o f  p r o d u c ts  and  w a s te  p r o d u c t s , and  th e  c o n c e n t r a t io n s  i n  t h e  c e l l  
h o u se  r e t u r n  s tr e a m  t o  Che le e c h .  The le a c h  e f f i c i e n c y  i s  th e n  c a l c u l a t e d  
and h e n c e  th e  o r e  f e e d  r a t e  c an  b e  fo u n d , a l lo w in g  .fo r t h e  lo s s  o f  
m anganese  i n  t h e  s o lu t io n  e n f ’•avped  i n  t h e  le a c h  f i l t e r  c a k e . The am ount 
o f  t h i s  l o s s  i s  p r o p o r t i o n a l  t o  t V  r .o n c e n t r a t io n  o f  t h e  m anganese  i n  t h e  
s o l u t i o n .
I n  o r d e r  t o  u n d e rs ta n d  th e  p ro c e d u re  m ore f u l l y ,  r e f e r e n c e  may b e  made 
to  t h e  l o g i c  f lo w  d ia g ra m  in  F ig u re  2 on p a g e  9 . Thus a l l  v a lu e s  h av e  
b e e n  fo u n d  t h a t  h a v e  b e a r in g  on  th e  p r o f i t a b i l i t y  o f  t h e  p l a n t .
O v e r a l l  P l a n t  B a la n ce
6 C O S T IN G
The f o l lo w in g  o p e r a t in g  c o s t s  h a v e  been  m o d e lle d  t o  o b t a in  a  r e a s o n a b le
t o t a l  o p e r a t i n g  c o s t  and  h e n c e  n e t  o p e r a t in g  p r o f i t :
1 . The c o s t  o f  o r e .  The mangais-iso o r e  i s  b o u g h t from  an o u ts i d e  s o u r c e  
and  i s  th e n  t r e a t e d  on th e  p l a n t  b e fo r e  b e in g  u s e d .  One c an  th e n  f in d  
a  c o s t  p e r  t o n  o f  o r e  t h a t  r e f i e c e a  t h i s .  The c o s t  o f  t h e  o r e  i s  th e  
b ig g e s t  c o s t  o f  t h e  o p e r a t io n .
2 . C o s t o f  pow er. The c u r r e n t  u r e d  t o  p l a t e  t h e  m anganese  c a r r i e s  a  pow er 
c o s t .  T h is  c an  b e  e s t im a te d  by c a l c u l a t i n g  t h e  v o l t  d ro p s  a c r o s s  th e  
c a th o d e ,  u j th o d e  s o l u t i o n ,  d ia p h ra g m , anode  s o l u t i o n  and th e  anode. 
The t o t a l  v o l t  d ro p  t o g e t h e r  w i th  t h e  c u r r e n t  g iv e s  a  pow er t h a t  can  
be  c o s te d  a t  s o  many c e n t s  p e r  k i l o w a t t  h o u r .  The c o s t  o f  pow er i s  
th e  se co n d  b ig g e s t  c o s t  and  i s  o f  t h e  o r d e r  o f  t h e  c o s t  o f  The o r e .  
The e q u a tio n s  f o r  e s t im a t in g  th e  v o l t  d ro p s  may b e  exam ined  in  S e c t io n
3 . C o s t o f  m ake-up ammonia. Ammonia i s  l o s t  i n  th e  c a th o d e  com partm ent 
and  in  t h e  s o lu t i o n  l o s t  i n  t h e  le a c h  f i l t e r  c a k e . A l l  ammonia l o s t  
roust b e  made u p . Some i s  a c c o u n te d  f o r  i n  t h e  s tr e a m s  o f  ammonium 
h y d ro x id e  t h a t  a r e  u se d  i n  pH c o n t r o l .  E s t im a t in g  th e  lo s s  i n  th e  
s o l u t i o n  in  t h e  f i l t e r  c a k e  t o  b e  p r o p o r t i o n a l  t o  t h e  ammonia c o n ­
c e n t r a t i o n  and a d d in g  in  t h e  c a th o d e  lo s s  g iv e s  a v a lu e  t h a t  may b e  
c o s te d  a t  c u r r e n t  s e l l i n g  t r i c e s  o f  ammonia.
4 .  C o s t o f  m ake-up s u lp h a t e ,  o n lp h a te  i s  a l s o  l o s t  i n  t h e  f i l t e r  c ak e . 
T h is  lo s s  i s  e s t im a te d  i n  t h e  same way a s  th e  ammonia l o s t  i n  th e  
f i l t e r  c ak e .
C o s t in g
The re v e n u e  f o r  t h e  p l a n t  comes from  th e  s a l e  o f  t h e  p l a t e d  m anganese. A 
v a lu e  f o r  t h i s  p e r  t o n  o f  m anganese can  b e  found  from  th e  London M e ta ls  
E x change. The n e t  p r o f i t  c an  b e  c a l c u l a t e d  from  th e  r ev e n u e  m inus t h e  sum 
o f  a l l  c o s t s .  T h i r  g iv e s  u n i t s  o f  R /h r .  I t  i s  a l s o  p o s s ib l e  t o  d iv id e  t h i s  
v a lu e  by  th e  p r o d u c t io n  r a t e  o f  m anganese  t o  g iv e  R / to n  o f  m anganese 
p ro d u c e d . T h is  i s  m ore a m easu re  o f  t h e  e f f i c i e n c y  o f  p r o d u c t io n .  The 
v a lu e s  u se d  in  t h e  c o s t i n g  o f  t h e  p l a n t  a r e  g iv e n  i n  A ppendix  I .
The n e t  p r o f i t  v a lu e  o b ta in e d  i s  u se d  a s  t h e  o b j e c t i v e  f u n c t i o n  in  t h e  
o p t im i s a t io n  r o u t i n e .  I t  m ust b e  e m p h asised  t h a t  t h i s  v a lu e  i s  u s e f u l  o n ly  
f o r  a  c o m p ariso n  be tw ee n  tw o s i t u a t i o n s  a s  t o  w h ich  o f  them  i s  " b e t t e r "  
th a n  th e  o t h e r .  I t  c an  n o t  b e  u s e d  in  an  a b s o lu t e  s e n s e  a t  a l l  a s  t h e r e  
i s  much c o s t in g  in f o r m a tio n  t h a t  i s  ig n o r e d ,  su c h  a s  f i x e d  c o s t s ,  i n t e r e s t  
c o s t s  and  la b o u r  c o s t s  e t c .
C o s t in g
7 O PT IM ISA T IO N
7 .1  I n t r o d u c t io n
An o p t im i s a t io n  p ro b lem  c an  b e  th o u g h t  o f  a s  t h e  m a x im is in g  o r  m in im is in g  
o f  some v a lu e ,  c a l l e d  t h e  o b j e c t i v e  f u n c t i o n ,  w h ich  i s  a  f u n c t i o n  o f  some 
v a r i a b l e s ,  by j u d i c io u s  c h o ic e  o f  th o s e  v a r i a b l e s .  I n  t h i s  m odel t h e  ob ­
j e c t i v e  f u n c t i o n  i s  ti. b e  m ax im ised  and  i s  e i t h e r  t h e  n e t  p r o f i t ,  o r  th e  
p r o f i t  p e r  u n i t  m anganese  p ro d u c e d , a s  d i s c u s s e d  in  S e c t io n  6,
The v a r i a b l e s  a r e ,  i n  g e n e r a l ,  th o s e  l i s t e d  i n  S e c t io n  5 .  As an 
o p t im i s a t io n  p ro b lem  g e t s  m ore d i f f i c u l t  w i th  an  in c r e a s e  i n  t h e  num ber 
o f  v a r i a b l e s ,  i t  i s  d e s i r a b l e  t o  re d u c e  t h i s  nurobei a s  much a s  p o s s i b l e .
The a d d i t i o n  r a t e  o f  ammonium s u lp h i d e ,  d e te rm in e d  from  e q u i l ib r iu m  and 
m ass b a la n c e  c o n s id e r a t i o n s ,  n e e d  o n ly  b e  enough f o r  t h e  p r e c i p i t a t i o n  
o f  t h e  im p u r i t i e s  and  t h e r e f o r e  n e ed  n o t  b e  v e ry  m uch. A c t u a l ly ,  more 
t h a n  t h i s  i s  r e q u i r e d  f o r  k i n e t i c  r e a s o n s .  As th e  m odel i s  n o t  b a se d  on 
k i n e t i c  c o n s id e r a t i o n s  i n  t h i s  a r e a  i t  i s  u n a b le  t o  make r e l e v a n t  p r e d ­
i c t i o n s  a b o u t t h i s  p a r t i c u l a r  v a r i a b l e .  T h e r e fo r e  t h e  ammonium s u lp h id e  
a d d i t i o n  r a t e  i s  t a k e n  a s  t h e  a c t u a l  * ° .te  on  th e  p l a n t  and i s  h e ld  c o n -
A lth o u g h  t h e r e  i s  pH c o n t r o l  on  th e  s o lu t io n s  i n  t h e  s u lp h id e  ta n k s  and 
on  th e  s o l u t i o n  f lo w in g  i n t o  t h e  c e l l  h o u s e , t h e  pHs i n  t h e s e  tw o a re a  
a r e  n o t  t r u l y  in d e p e n d e n t v a r i a b l e s .  The v a lu e s  a r e  l a r g e l y  d e te rm in e d  
by  th e  pH in  t h e  le a c h  t a n k ,  t h e  pH c o n t r o l  can  o n ly  f i n e  tu n e  th e  v a lu e .  
F o r  in s t a n c e  i t  w ould b e  im p o s s ib le  t o  h av e  a  pH in  t h e  le a c h  o f  7 .2  and
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one  in  t h e  c e l l  h o u se  f e e d  s tr e a m  o f  6 .0  w ith o u t  m a ss iv e  am ounts o f  a c id  
b e in g  a d d e d . I t  i s  o b se rv e d  o a  t h e  p l a n t  t h a t  t h e  pH in  t h e  s u lp h id e  ta n k  
i s  a b o u t 0 .3 5  u n i t s  h ig h e r  th a n  t h a t  i n  th e  le a c h  ta n k .  T h is  i s  m o s t ly  
due  t o  t h e  te m p e r a tu re  d i f f e r e n c e  b e tw een  th e  le a c h  and  th e  s u lp h id e  
s e c t i o n  w h ich  a f f e c t s  t h e  e q u i l i b r i a .  The pH in  t h e  f e e d  s tr e a m  i s  
n o rm a l ly  s l i g h t l y  lo w e r  t h a n  in  t h e  s u lp h id e  t a n k  a s  50^ i s  added  t o  p l a t e  
m anganese  i n  t h e  d e s i r e d  c r y s t a l l i n e  fo rm .
Fov t h e s e  r e a s o n s  t h e  pH i n  t h e  le a c h  i s  k e p t  a s  an  in d e p e n d e n t v a r i a b l e  
and  th e  pHs in  t h e  s u lp h id e  ta n k  and  th e  f e e d  s tr e a m  a r e  a llo w e d  t o  v a ry  
l i n e a r l y  w ith  t h i s  pH a s  f o l lo w s :
pH, - pE^ + O. W
pH - =  pH -  0 .0 2
The t o t a l  num ber o f  in d e p e n d e n t v a r i a b l e s  i s  th u s  r e d u c e d  from  e ig h t  t o  
f i v e ,  c o n s e q u e n tly  r e d u c in g  th e  d i f f i c u l t y  o f  t h e  o p t im i s a t i o n  p ro b lem .
Two a p p ro a c h e s  t o  t h e  o p t im is a t io n  p ro b lem  
i n  S e c t io n  7 .2 ,  c o n s id e r s  t h e  m odel os a  " 
t h e  v a r i a b l e s ,  and one  o u tp - . t ,  t h e  o b je c t :  
a b o u t t h e  s t r u c t u r e  o f  t h e  m odel i s  u s e d , b  
i s  c o n s id e r e d .  The se c o n d  a p p ro a c h , d isc u s  
f o rm a tio n  a b o u t t h e  s t r u c t u r e  o f  t h e  m odel 
a b le a  and  t h e i r  a f f e c t  on  a  p a r t i c u l a r  s e c t
t r i e d .  The f i r s t ,
O p tim is a t io n
7 .2  O v e r a l l  M odel O p tim isa t io n
The p ro b le m  i s  in c r e a s e d  i n  d i f f i c u l t y  s in c e  m ost o f  t h e  v a r i a b l e s  t h a t  
a f f e c t  t h e  sy s te m  a r e  c o n s t r a in e d  t . l i e  w i th in  s p e c i f i c  r a n g e s  and may 
n o t  v a ry  o u t s i d e  th o s e  r a n g e s .  Shou ld  an optim um p o in t  l i e  on one  o f  t h e s e  
b o u n d a r ie s ,  f i n d in g  i t  > /i th  a  num eric  a lg o r i th m  i s  n o t  e a sy .
The c o n s t r a i n t s  t h a t  o c c u r  i n c lu d e  t h a t  on th e  le a c h  pH. S hou ld  i t  go 
t o o  h ig h ,  t h e  a lg o r i th m  c a l c u l a t i n g  th e  le a c h  e q u i l i b r i a  f a i l s .  A no the r 
r e a l  l i m i t  i n  th e  le a c h  o c c u r s  when th e  c a l c u l a t e d  m anganese  c o n c e n t r a t io n  
ex ce ed s  t h e  e q u i l ib r iu m  v a lu e .  T h is  i s  s i m i l a r  t o  a  p r o c e s s  i n  t h e  c a th o d e  
w here  t h e  s o l u b i l i t y  p r o d u c t  f o r  Mn(OR)2 c an  b e  e x ce ed e d , r e s u l t i n g  in  
p r e c i p i t a t i o n  w h ich  c lo g s  up  th e  d ia p h ra g m . None o f  t h e s e  c o n s t r a i n t s  a re  
c o n s ta n t  o r  in d e p e n d e n t ,  th e y  a r e  a l l  f u n c t i o n s  o f  t h e  o th e r  v a r i a b l e s  
and  may n o t  b e  v i o l a t e d .
M ost e f f i c i e n t  o p t im i s a t i o n  a lg o r i th m s  make u s e  o f  d e r i v a t i v e  in f o r m a tio n  
a b o u t t h e  o b j e c t i v e  f u n c t i o n  t o  a id  i n  f i n d in g  th e  optim um p o i n t .  S in c e  
a n a l y t i c  d e r i v a t i v e s  a t e  n o t  a v a i l a b l e  from  th e  m o d e l, th e  n e x t  b e s t  c l a s s  
o f  o p t im i s a t io n  a lg o r i th m  u s e s  n u m e ric a l e s t im a te s  o f  t h e  s lo p e s .  M ost 
o p t im i s a t io n  r o u t in e s  i n  t h i s  c l a s s  can  o n ly  w ork  w i th  u n c o n s t r a in e d  r e ­
g io n s .  To h a n d le  t h e  c o n s t r a i n t  i t  i s  p o s s i b l e  t o  r e t u r n  a  z e r o  f u n c t i o n  
e v a lu a t io n  f o r  th o s e  p o in t s  beyond  i t . T h is  r e s u l t s  i n  a  v e ry  
i l l - c o n d i t i o n e d  s h a v e  f o r  t h e  o b je c t i v e  f u n c t i o n  w i th  an e f f e c t i v e  i n f i ­
n i t e  s lo p e  a t  t h e  c o i . s t r f i n t .  I t  i s  im p o s s ib le  t o  sm ooth  th e  c u rv e  a t  t h i s  
p o in t  s i n c e  t h e  p o s i t i o n  o f  t h e  c o n s t r a i n t  c an  o n ly  b e  found  by t r i a l  and 
e r r o r ,  and  i f  one i s  bey o n d  t h i s  p o in t  i t  i s  n o t  known how f a r  one i s  from  
i t .  H ence s h o u ld  t h e  optim um p o in t  l i e  c lo s e  t o  o r  on  th e  c o n s t r a i n t  th e n  
t h e  r o u t i n e  may c a l c u l a t e  v e ry  la r g e  s lo p e s  w h ich  w i l l  se n d  i t  c o m p le te ly  
o u t  o f  t h e  r e g io n ,  and  th e  r o u t in e  w i l l  f a i l .  T h is  i s  t r u e  o f  t h e  m ethod 
o f  P o w e ll (1964) and  th e  q u a s i  N ew ton-R aphson m ethod  w hich  w ere  t r i e d .
O p tim is a t io n
A m ethod  t h a t  a p p e a rs  t o  w ork  on  a  l im i t e d  s c a l e  i s  t h e  S im p lex  m ethod 
o f  N e ld e r  and Mead (1 9 6 5 ) .  The m ethod d o e s n o t  u s e  any s lo p e  in f o r m a tio n  
a t  a l l .  T h is  makes i t  v e ry  i n e f f i c i e n t  f o r  " n ic e "  p ro b le m s , b u t  h a s  t h e  
a d v a n ta g e  h e re  i n  t h a t  i t  c a n n o t g e t  c o n fu se d  by s p u r io u s  s lo p e s .  The 
m ethod  a p p e a rs  t o  w ork when a p p l ie d  t o  tw o v a r i a b l e s  a t  a  t im e ,  b u t  h a s  
t r o u b l e  d e a l in g  w i th  l a r g e  num bers o f  v a r i a b l e s .  The a lg o r i th m  i s  ta k e n  
s t r a i g h t  from  N e ld e r  a r d  Mead (1965 ) and  i s  n o t  p r e s e n te d  a s  a  b e c b e r  
a lg o r i th m  was o b ta in e d .
When a p p l ie d  t o  t h r e e  o r  more v a r i a b l e s  t h e  S im p lex  r - u t i n e  d o e s n o t  
c o n v e rg e  t o  t h e  same optim um  when s t a r t e d  from  d i f f e r e n t  i n i t i a l  
s im p le x e s . I t  c o n v e rg e s  when s t r i k i n g  a c o n s t r a i n t  i n s t e a d  o." p ro c e e d in g  
a lo n g  th e  c o n s t r a i n t  t o  a  b e t t e r  p o i n t .  A v a r i a t i o n  o f  t h e  S im p lex  r o u ­
t i n e ,  c a l l e d  t h e  Com plex a lg o r i th m  d e v e lo p e d  by  Box (1965) f o r  c o n s t r a in e d  
o p t im i s a t io n  p ro b lem s was th e n  a p p l ie d .  T h is  m ethod  c o n s i s t e n t l y  f in d s  
t h e  s a a e  optim um  p o i n t  from  d i f f e r e n t  i n i t i a l  c o n f ig u r a t io n s ,  and  i s  
t h e r e f o r e  recom m ended. A FORTRAN 77 prog ram  l i s t i n g  o f  t h i s  a lg o r i th m  i s  
p r e s e n te d  i n  A ppendix  L .
T he a p p ro a c h  i n  t h i s  s e c t i o n  c o n s i s t e d  o f  o b t a in in g  th e  o b j e c t i v e  f u n c t i o n  
v a lu e  f o r  a  s ta n d a r d  s e t  o f  v a r i a b l e s .  T h is  s ta n d a r d  s e t  r e p r e s e n t s  th e  
a c tu a l  p l a n t  o p e r a t in g  c o n d i t io n s  a s  c lo s e l y  a s  p o s s i b l e ,  and  i s  t a b l e d  
i n  A ppendix  J .  The s t a n d a r d  f u n c t i o n  v a lu e  i s  th e n  com pared  t o  th o s e  
o b ta in e d  from  th e  o p t im i s a t io n  r o u t in e  f o r  v a r io u s  l i m i t s  on th e  e x p l i c i t  
v a r i a b l e  c o n s t r a i n t s .  F o r  i n s t a n c e  i n  one  c a s e  t h e  flo w  r a t e  may b e  al­
lowed t o  v a ry  w i th in  t e n  p e r c e n t  o f  th e  s ta n d a r d  v a lu e ,  and  in  ano k&f 
c a s e  i t  may b e  a llo w e d  t o  o n ly  v a ry  by a  maximum o f  f i v e  p e r c e n t .
O p tim is a t io n
V a rio u s  c o m b in a t io n s  o f  v a r i a b l e s  and e x p l i c i t  l i m i t s  a r e  t r i e d .  I n  some 
c a s e s  some o f  t h e  v a r i a b l e s  a r e  h e ld  c o n s ta n t  t o  s e e  th e  a f f e c t  on th e  
o t h e r s . I n  t h i s  way i t  p o s s ib l e  t o  o b ta in  an  id e a  o f  th e  s e n s i t i v i t y  o f  
t h e  m odel t o  t h e  v a r io u s  p a r a m e te r s .
As t h e r e  a r e  tw o p o t e n t i a l  o b j e c t i v e  f u n c t i o n  v a l u e s , nam ely  in  u n i t s  o f  
R /h r  o r  R / to n  m anganese  p ro d u c e d , t h e  above s t r a t e g y  i s  fo llo w e d  f o r  b o th .  
O p tim is in g  th e  f i r s t  v a lu e  i s  a k in  t o  m aking a s  much money a s  p o s s ib l e  
w i th o u t  c a r in g  a b o u t t h e  e f f i c i e n c y  o f  t h e  o p e r a t i o n .  T h is  w ould be d e ­
s i r a b l e ,  f o r  i n s t a n c e ,  w h ere  t h e  a:>mand f o r  t h e  p r o d u c t  exce ed e d  th e  
s u p p ly  and  t h e r e  was no s h o r ta g e  o f  o r e .  O p tim is in g  th e  se co n d  v a lu e  i s  
u s e f u l  when econom ic  c o m p e ti t io n  i s  s t r o n g  and  one  w ish e s  t o  m in im ise  
c o s t s  a n d  p ro d u c e  a s  e f f i c i e n t l y  a s  p o s s ib l e .
7 .3  C e ll H o u se  O p tim isa t io n
I n s t e a d  o f  e x am in in g  th e  m odel i n  i t s  e n t i r e t y  one  c an  u s e  r e s u l t s  from  
th e  m odel t o  i d e n t i f y  a r e a s  o f  im p o r ta n c e . From th e  c o s t s  in v o lv e d  i t  i s  
c l e a r  t h a t  t h e  tw o m a jo r  f a c t o r s  in v o lv e d  a r e  th e  le a c h  e f f i c i e n c y  and  
th e  c u r r e n t  e f f i c i e n c y  on th e  c a th o d e . The le a c h  e f f i c i e n c y  i s  p r im a r i l y  
a  f u n c t i o n  o f  t h e  pH a s  d is c u s s e d  in  S e c t io n  2 .1 .  The c u r r e n t  e f f i c i e n c y  
o n ly  w i l l  b e  d is c u s s e d  h e re .
The pH i n  th e  c a th o d e  com partm en t v a r i e s  so as to b a la n c e  th e  hy d ro g en  
e v o lv e d  w i th  t h e  n e t  h y d ro g en  f lu x  a s  d is c u s s e d  i n  S e c t io n  4 .6 .  An i n ­
c r e a s e  i n  t h e  n e t  f l u x  c a u se s  t h e  c o n c e n t r a t io n  o f  h y d ro g en  io n s  t o  i n ­
c r e a s e ,  lo w e rin g  th e  pH, w h ic h  r e s u l t s  i n  an in c r e a s e  o f  hy d ro g en  
e v o lu t io n  and th e  c e l l  r e a c h e s  a  s te a d y  s t a t e  a t  e  lo w e r ,  and  more i n e f ­
f i c i e n t ,  pH. A r e d u c t io n  i n  t h e  n e t  f l u x  means t h e  n c e n t r a t i o n
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g e t s  reduced , and  th e  r a t e  o f  hy d ro g en  e v o lu t io n  i s  a l s o  r e d u c e d , h e nce  
m ore m anganese  i s  p l a t e d .
The e a s i e s t  way t o  c o n t r o l  t h e  hy d ro g en  f lu x  th ro u g h  th e  membrane As t o  
v a ry  t h e  f lo w r a te  th ro u g h  th e  membrane. An in c r e a s e  i n  th e  f lo w r a te  d e ­
c r e a s e s  t h e  hy d ro g en  f lu x  and  v ic e  v e r s a .  (N ote  t h a t  t h e  d i r e c t i o n  o f  f l u x  
i s  c o u n te r  t o  t h a t  o f  t h e  f lo w .)  T t i s  t h e r e f o r e  o b v io u s  t h a t  a  h ig h  
f lo w ra te  th ro u g h  th e  membrane i s  d e s i r a b l e .  U n fo r tu n a te ly  a s  t h e  pH in  
t h e  c a th o d e  com partm ent r i s e s  t o  e f f e c t  th e  above s t r a t e g y  i t  r e a c h e s  t h e  
p o in t  o f  m anganese  h y d ro x id e  p r e c i p i t a t i o n ,  w h ich  b l in d s  t h e  membrane and 
h a s  a  d i s a s t r o u s  e f f e c t  on  th e  c e l l  p e rfo rm a n c e . One can  t h e r e f o r e  s a y  
t h a t  t h e  optim um f lo w r a t e  l i e s  on t h e  c o n s t r a i n t  o f  m anganese  h y d ro x id e  
p r o d u c t io n .  T h is  c o n s t r a i n t  a l s o  d e te r m in e s  t h e  maximum pH a t  w h ich  th e  
c e l l  may o p e r a te .
The q u e s t io n  t h a t  now r e q u i r e s  e x a m in a tio n  i s  w hat i s  t h e  b e s t  m anganese 
c o n c e n t r a t i o n  in  th e  e . '2 2 . The k i n e t i c s  o f  p l a t i n g ,  and h ence  th e  h y d rogen  
e v o lu t io n  r a t e ,  i s  d e p en d e n t on t h e  m anganese  c o n c e n t r a t i o n .  The pH a t  
w h ich  m anganese  h y d ro x id e  form s i s  a l s o  d e p e n d e n t on t h e  m anganese  c o n ­
c e n t r a t i o n .  I s  i t  b e s t  t o  have  a  low m anganese  c o n c e n t ra t io n  and  a h ig h  
optim um pH , o r  a  h ig h  m anganese  c o n c e n t r a t i o n  pnd a  low optim um pH? One 
c an  a n a ly s e  t h e  k i n e t i c  e q u a t io n  g o v e rn in g  th s . a a th o d e  s u b je c t  t o  t h e  
c o n s t r a i n t  t h a t  we h av e  th e  o n s e t  o f  m anganese  i  '"ox ide  p r e c i p i t a t i o n .  
T h is  g iv e s  u s  t h e  f o l lo w in g  tw o e q u a tio n s :
=  1 /( 1  + C l x (1  4  C2/Mn) * H/Mn) 7 .3
H = H+ c o n c e n t r a t io n
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Mn = Me2+ c o n c e n t r a t io n  
G1,C2 = c o n s t a n t s
Kon = H*/Mn 7 .4
w h ich  i s  th e  e q u i l ib r iu m  e q u a t io n  f o r  t h e  r e a c t i o n :
Ma2+ +  2H20  s  Mn(OH)2 + 2K+ 
u s in g  t h e  e q u i l ib r iu m  r a t i o .
S u b s t i t u t e  e q u a t io n  7 .4  i n t o  7 .3  t o  g e t  an  e q u a t io n  f o r  c u r r e n t  e f f i c i e n c y  
a s  a f u n c t i o n  o f  m anganese  c o n c e n t r a t i o n .  T ak in g  th e  d e r i v a t i v e  w i th  r e ­
s p e c t  t o  Mn a n d  p u t t i n g  e q u a l  t o  z e r o  one c an  s o lv e  f o r  t h e  Mn v a lu e s .  
T h ere  a r e  tw o s o lu t io n s  o f  Mn. One i s  n e g a t iv e  and o f  no  p r a c t i c a l  u s e ,  
t h e  o t h e r  h a s :
Mn'3 ' ' 2 = 0
T h is  im p l ie s  a  maximum a s  Mn te n d s  t o  i n f i n i t y .  I t  i s  t h e r e f o r e  shown t h a t  
i t  i s  b e s t  t o  h a v e  a  h ig h  m anganese  c o n c e n t r a t i o n  i n s i d e  th e  c e l l s .  I n  
p r a c t i c e  t h e r e  a r e  o th e r  c o n s t r a i n t s  on t h i s  sv c h  a s  vi** q u a l i t y  o f  th e  
m e ta l p ro d u c e d  e t c .  The above  a n a ly s i s  h a s  ig n o r e d  th e  V e t  o f  a h ig h e r
m anganese  c o n c e n t r a t i o n  e ls e w h e re  i n  t h e  p r o c e s s , tu r .h  t h e  l o s s e s  in  
th e  f i l t e r  c a k e , and  th e  e f f e c t  on t h e  c o n d u c t i v i t i e '  -f f.ho s o l u t i o n s .  
I t  s h o u ld  t h e r e f o r e  b e  ch eck ed  u s in g  th e  w ho le  m odel.
O p tim is a t io n
8  R E S U L T S AND D IS C U S SIO N
8 .1  I n tr o d u c tio n
The f i r s t  th in g  t h a t  m ust bd r e a l i s t  a b o u t th e  m odel i s  t h a t  i t  i s  a  
s t e a d y - s t a t e  m o d e l. T h is  im p l ie s  t h a t  i t  c an  o n ly  make s ta te m e n t s  a b o u t 
t h e  a v e ra g e  p e rfo rm a n c e  o f  t h e  p l a n t . I t  c a n n o t p r e d i c t  t h e  i n te r m e d ia te  
u n s te a d y  c o n d i t io n s  i n  t h e  p l a n t  im m e d ia te ly  a f t e r  a  c h an g e , o n ly  t h e  
f i n a l  s te a d y  s t a t e .  H ence from  a c o n t r o l  p o in t  o f  v iew  i t  c o u ld  b e  u se d  
t o  d e te rm in e  th e  s e t  p o in t s  t h a t  w ould  th e n  b e  u s e d  in  a  c o n t r o l  s t r a t e g y .  
The m odel i s  a l s o ,  i n  a s e n s e ,  n o n -u n iq u e : l e v e l s  o f  p e rfo rm a n c e  in  th e  
p l a n t  c an  b e  a c h ie v e d  by  v a r io u s  s e t s  o f  v a r i a b l e s . I n  an sw er t o  th e  
q u e s t io n  "The p la in , i s  o p e r a t i n g  b a d ly ,  w hat m ust I  d o ? " , t h e  m odel c a n ' t  
g iv e  an a n sw e r . The answ er m ust b e  found  e ls e w h e re , th e n  i t  c an  b e  checked  
u s in g  t h e  m odel.
T he m odel c an  b e  u s e d  to  i d e n t i f y  w h ich  o f  t h e  o p e r a t in g  v a r i a b l e s  t h e  
p l a n t  i s  m ost s e n s i t ' v e  t o .  T h ese  v a r i a b l e s  w ould  m ost p r o b a b ly  r e q u i r e  
t h e  m ost c o n t r o l .  A q u a l i t a t i v e  h e lp  t o  c o n t r o l l i n g  th e  p l a n t  c o u ld  a l s o  
b e  o b ta in e d  i n  s i t u a t i o n s  w here  i t  i s  u n c le a r  how t h e  p l a n t  w i l l  r e a c t • 
U s in g  th e  m odel t o  p r e d i c t  t h e  ou tcom e o f  a  ch an g e  w i l l  h e lp  i n  e i t h e r  
p r e v e n t in g  o r  e n c o u ra g in g  su c h  ch an g e  a s  t h e  c a s e  may b e . The m odel has  
t h e r e f o r e  be en  d e s ig n e d  s o  t h a t  t h e s e  p ro b lem s c an  b e  q u ic k ly  and e a s i l y  
s o lv e d  o n c e  th e y  a r i s e .
T he m o d e l 's  m ost im p o r ta n t  v a lu e ,  ho w ev e r, l i e s  i n  b e in g  a b l e  t o  p r e d i c t  
no rm al s t e a d y - s t a t e  o p e r a t io n  a t  a  p a r t i c u l a r  s e t  o f  o p e r a t in g  v a r i a b l e s ,  
and  to  com pare t h i s  o p e r a t io n  w i th  t h e  o p e r a t io n  a t  a  s ta n d a r d  s e t  o f  
v a r i a b l e s , A c o m p ariso n  o f  t h i s  n a tu r e  c o u ld  p r o v id e  in f o r m a tio n  on
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w h e th e r  i t  i f  w o rth  t r y i n g  to  im prove  a  s e c t i o n  a t  a  p a r t i c u l a r  c o s t .  
C o n v e rs e ly , t h e  am ount o f  e x f o r t  .o r th  e x p en d in g  t o  im prove  p e rfo rm a n c e  
g iv e n  t h e  e x p e c te d  im provem ent may b e  d e te rm in e d . T h is  s ^ z t  o f  s e n s i ­
t i v i t y  a n a ly s i s  i s  exam ined  w ith  g r e a t e r  d o t a i l  I n  t h e  f o l lo w in g  s e c t i o n s  
on O p tim i s a t io n .
When d e r iv i n g  a  m odel i t  i s  u s u a l  w  ha--e some k in d  o f  c o m p ariso n  b e tw een  
p r e d i c t e d  v a lu e s  and c o rre s p o n d in g  m e asu re d  v a lu e s ,  i n  o r d e r  t o  s e e  how 
a c c u r a t e  t h e  mode) i s .  Many c o m p ariso n s  o f  t h i s  ty p e  h av e  be en  made in  
t h e  d e v e lo p m e n t o f  t h e  m odel and  th e y  h av e  be en  c o n ce rn e d  w i th  t h e  p a r ­
t i c u l a r  s e c t i o n s  in v o l  .•«.d. W ith r e s p e c t  t o  t h e  m odel a s  a  w ho le  t h e r e  a re  
some p a ra m e te r s ,  t a b l e d  i n  A ppendix  J ,  to g e th e r  w ith  some e q u i l ib r iu m  
c o n s t a n t s , i n  A ppendix  A, t h a t  h a v e  b e e n  f i t t e d  t o  g iv e  a  c lo s e  ag re em e n t 
b e tw ee n  th e  m odel and  th e  e x p e rd ra o n ta l, o r  p l a n t ,  v a lu e s .  U n fo r tu n a te ly  
t o  t e s t  t h e s e  f i t t e d  p a ra m e te r s ,  and  h ence  th e  m o d e l, i t  i s  n e c e s s a r y  t o  
h av e  e x p e r im e n ta l  v a lu e s  a t  some d i f f e r e n t  c o n d i t io n s  t o  com pare w i th  w hat 
t h e  m odel w ould  p r e d i c t  f o r  t h a t  s i t u a t i o n .  T hese  e x p e r im e n ta l  v a lu e s  
a r e  n o t  a v a i l a b l e .  As a p i l o t  p l a n t  i s  n o t  a v a i l a b l e  f o r  su c h  t e s t s  i t  
w ould  e n t a i l  c h a n g in g  th e  o p e r a t io n  o f  t h e  f u l l  s c a l e  p l a n t  f o r  a  p e r io d  
o f  t im e .  T h is  i s  o b v io u s ly  i m p r a c t i c a l ,  and  th e  m o d e l, a s  a w h o le , i s  
th e r e f o r e  u n t e s t e d ,  ev en  th o u g h  i t s  p a r t s  may b e  w e l l  fo u n d ed .
8 .2  G e n e ra l  M odel R e s u lts
T h e re  a r e  number o f  a s p e c ts  t o  t h e  m odel t h a t  c an  p r o v id e  i n s i g h t  i n t o  
th e  f u n c t i o n in g  o f  th e  p l a n t ,  e s p e c i a l l y  when c o n t r a s t e d  w i th  th e  no rm al 
i n t u i t i v e  o p e r a t in g  p h ilo s o p h y  a b o u t th e  p l a n t .
R e s u l t s  and  D is c u s s io n
w h e th e r  i t  i s  w o rth  t r y i n g  to  i r ^ o v e  a s e c t i o n  a t  a  p a r t i c u l a r  c o s t .  
C o n v e r s e ly , t h e  am ount o f  e f f o r  w o rth  e x p e n d in g  t o  im prove p e rfo rm an c e  
g iv e n  t h e  e x p e c te d  im provem ent may b e  d e te r m in e d . T h is  s o r t  o f  s e n s i ­
t i v i t y  a n a ly s i s  i s  exam ined  w ith  g r e a t e r  d e t a i l  i n  t h e  f o l lo w in g  s e c t i o n s  
on O p t im i s a t io n .
When d e r iv i n g  a  m odel i t  i s  u s u a l  t o  h av e  some k in d  o f  c o m parison  b e tw een  
p r e d i c t e d  v a lu e s  and  c o rre s p o n d in g  m easu red  v a lu e s ,  i n  o r d e r  t o  s e e  how 
a c c u r a t e  t h e  m odel i s .  >!<uiy c o m p ariso n s o f  t h i s  ty p e  h a v e  b e e n  made in  
t h e  d e v e lo p m e n t o f  t h e  model and  th e y  h av e  b e e n  c o n ce rn e d  w ith  t h e  p a r ­
t i c u l a r  s e c t i o n s  in v o lv e d . W ith  r e s p e c t  t o  t h e  m odel a s  a  w ho le  t h e r e  a re  
some p a r a m e t e r s , t a b l e d  i n  A ppendix  J ,  to g e th e r  w i th  seme e q u i l ib r iu m  
c o n s t a n t s ,  i n  A ppendix  A, t h a t  h av e  b e e n  f i t t e d  t o  g iv e  a  c lo s e  ag re em e n t 
b e tw ee n  th e  m odel and  th e  e x p e r im e n ta l  o r  p l a n t ,  v a lu e s .  U n fo r tu n a te ly  
t o  t e s t  t h e s e  f i t t e d  p a ra m e te r s ,  and h e n c e  t h e  m o d e l, i t  i s  n e c e s s a r y  t o  
h av e  e x p e r im e n ta l  v a lu e s  a t  some d i f f e r e n t  c o n d i t io n s  t o  com pare  w ith  w hat 
t h e  m odel w ould  p r e d i c t  f o r  t h a t  s i t u a t i o n .  T h ese  e x p e r im e n ta l  v a lu e s  
a r e  n o t  a v a i l a b l e .  As a  p i l o t  p l a n t  i s  n o t  a v a i l a b l e  f o r  su c h  t e s t s  i t  
w ould  e n t a i l  c h an g in g  th e  o p e r a t io n  o f  t h e  f u l l  s c a l e  p l a n t  f o r  a  p e r io d  
o f  t im e .  T h is  i s  o b v io u s ly  i m p r a c t i c a l ,  and  th e  m ode l, a s  a  w h o le , i s  
t h e r e f o r e  u n t e s t e d ,  e v e n  th o u g h  i t s  p a r t s  may b e  w e l l  fo u n d ed .
8 .2  G e n e ra l  M odel R e s u l t s
T h e re  a r e  num ber o f  a s p e c ts  t o  t h e  m odel t h a t  c an  p r o v id e  i n s i g h t  i n to  
t h e  f u n c t i o n in g  o f  t h e  p l a n t , e s p e c i a l l y  w hen c o n t r a s t e d  w ith  t h e  n o rm al 
i n t u i t i v e  o p e r a t in g  p h i lo s o p h y  a b o u t th e  p l a n t .
R e s u l t s  and  D isc i
A g r e a t  d e a l  o f  e f f o r t  i s  expended  on  th e  p l a n t  i n  m a in ta in in g  a c o n s ta n t  
s t r i p .  The s t r i p  i s  d e f in e d  a s  t h e  d i f f e r e n c e  i n  t o t a l  m anganese  co n ce n ­
t r a t i o n  b e tw ee n  th e  c e l l  h o u se  f e e d  s tr e a m  and th e  c a th o d e  c om partm en t. 
I t  i s  b e l i e v e d  t h a t  t h i s  m ust b e  m a in ta in e d  a t  a  c o n s ta n t  v a lu e  f o r  c o r ­
r e c t  o p e r a t i o n .  From th e  p o i n t  o f  v iew  o f  t h e  m ode l, t h e  s t r i p  h a s  no 
p h y s i c a l  e f f e c t  by  i t s e l f .  I t  d o e s r e f l e c t  th e  r a t e  o f  p r o d u c t io n  o f  
m anganese  b u t  o n ly  i n  i t s  r e l a t i o n  t o  t h e  f l o w r a te .  I t  i s  t h e  c o n ce n ­
t r a t i o n s  i n  t h e  c a th o d e  com partm en t t h a t  a r e  f a r  more im p o r ta n t ,  and  i t  
i s  c o n c e iv a b le  t o  h av e  tw o s i t u a t i o n s  w ith  th e  same m anganese  c o n ce n ­
t r a t i o n s  , b u t  w i th  d i f f e r i n g  f l o w r a t e s  and s t r i p s  h a v in g  th e  same p r o ­
d u c t io n  r a t e s  and c u r r e n t  e f f i c i e n c i e s .
A t y p i c a l  g rap h  o f  t h e  le a c h  e f f i c i e n c y  v s  t h e  le a c h  pH from  p l a n t  d a t a  
show s th e  le a c h  e f f i c i e n c y  d e c r e a s in g  g r a d u a l ly  a s  t h e  pH in c r e a s e s  up 
t o  a  p a r t i c u l a r  v a lu e .  Above t h i s  v a lu e  t h e  le a c h  e f f i c i e n c y  d e c r e a s e s  
su d d e n ly  and  r a p i d l y  a s  t h e  pH in c r e a s e s .  T h is  c u rv e  i s  e a s i l y  e x p la in e d  
a s  t h e  r e s u l t  o f  tw o d i f f e r e n t  p r o c e s s e s  d o m in a tin g  i n  tw o r e g i o n s . As 
d is c u s s e d  in  S e c t io n  2 .1  t h e  g e n t l y  s lo p i n g  s e c t i o n  on th e  l e f t  o f  th e  
c u rv e  i s  c au se d  by th e  d i s p r o p o r t i o n a t io n  o f  Mn^Og i n t o  MnO w h ich  can  
le a c h ,  and  Mn02 w h ich  does n o t  l e a c h .  The su d d e n  s t e e p  d ro p  o f  t h e  le a c h  
e f f i c i e n c y  o c c u rs  when t h e  d e s i r e d  o p e r a t i n g  pH o f  t h e  le a c h  i s  t o o  h ig h . 
As m ore m anganese  o r e  i s  a dded  t o  r e a c t  w i th  t h e  s o l u t i o n  to  in c r e a s e  th e  
pH t o  t h i s  p o i n t ,  t h e  m anganese  i n  s o l u t i o n  a p p ro a c h e s  t h e  e q u i l ib r iu m  
maximum w i th  re s p e c t ,  t o  t h e  m anganese  h y d ro x id e  p r e c i p i t a t i o n  r e a c t i o n .  
The m anganese  i n  th e  o r e  i s  u n a b le  t o  le a c h  in to  s o lu t io n  and  t h e  le a c h  
e f f i c i e n c y  a p p e a rs  t o  d ro p  s u d d e n ly .
The f o l lo w in g  p o in t  i n d i c a t e s  t h a t  t h e  s o lu t io n  e q u i l i b r i a  u s e d  i n  th e  
m odel a c c u r a t e l y  i n d i c a t e  t h e  t r e n d s  o f  t h e  s p e c ie s  i n  s o l u t i o n .  I t  i s  
o b s e rv e d  on  th e  p l a n t  t h a t  t h e  s o l u t i o n  em erges from  th e  f i n a l  le a c h  ta n k  
a t  a  pH o f  a b o u t 6 .5 5  a t  a  te m p e r a tu re  o f  a b o u t 50°C . I t  th e n  c o o ls  down 
t o  a b o u t 44°C a t  a  pH o f  6 .9  i n  t h e  s u lp h id e  ta n k s .  A lth o u g h  t h i s  s tr e a m
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d o e s h a v e  ammonium h y d ro x id e  added  t o  i t  f o r  pH c o n t r o l ,  much o f  t h e  
d i f f e r e n c e  i s  due  t o  t h e  te m p e r a tu re  c h an g e . T h is  was c o n firm e d  b y  m eas­
u r in g  th e  pH o f  a  sam p le  o f  s o lu t io n  from  th e  c a th o d e  com partm en t a t  
40°C and  th e n  a t  20 eC a f t e r  i t  c o o le d  down. The pH in c r e a s e d  i y  an  amount 
t h a t  c o rr e s p o n d s  t o  a d ro p  i n  t h e  hy d ro g en  io n  c o n c e n t r a t io n  t o  a  f o u r th  
o f  i t s  i n i t i a l  v a lu e .  On h e a t in g  th e  s o l u t i o n  b a c k  up t o  40°C th e  pH 
in c r e a s e d  a g a in .  The s o l u t i o n  c h e m is try  u s e d  in  t h e  m odel p r e d i c t s  t h i s  
phenom enon m e re ly  from  th e  te m p e r a tu re  de p en d e n ce  o f  th e  e q u i l ib r iu m  
c o n s ta n t s  u se d .
The c e l l  v o l ta g e s  p r e d i c t e d  by  th e  m odel a r e  com pared  w i th  th o s e  m easu red  
on th e  p l a a t ,  and  a r e  found  t o  a g re e  f a i r l y  w e l l  e x c e p t  f o r  t h e  v o l t  d ro p  
o v e r  t h e  membrane. U nder t h e  s ta n d a r d  s e t  o f  p l a n t  o p e r a t in g  v a r i a b l e s  
t h e  p r e d i c t e d  c a th o d e  p o t e n t i a l ,  anode p o t e n t i a l ,  c a th o d e  com partm ent 
v o l t  d ro p  and  anode  com partm en t v o l t  d ro p  o f  1 .6 ? v , 2 .2 2 v , 0 .4 8 v  a n d  0 .6 6 v  
com pare  fa v o u r a b ly  w i th  t h e  c o rre s p o n d in g  v a lu e s ,  m e asu re d  by  t h e  a u th o r ,  
o f  1 .6 v ,  2 .0 v ,  0 .6 5 v  and  0 .5 5 v  r e s p e c t i v e l y .  The a v e ra g e  v o l t  d ro p  a c r o s s  
t h e  membrane i s  I v .  The m odel i s  u n a b le  t o  p r e d i c t  t h i s  on  th e  s im p le  
b a s i s  o f  an  a v e ra g e  s o lu t io n  c o n d u c t iv i ty  i n  t h e  membrane.
T he v o l t  d ro p s  on th e  p l a n t  w ere  m e asu re d  w i th  a  L ugg in  c a p i l l a r y  f i l l e d  
w i th  s a t u r a t e d  KC1 s o l u t i o n ,  a  m u lt im e te r  and  a  c a lo m e l e l e c t r o d e .  I t  was 
n e c e s s a r y  t o  add o r  s u b t r a c t  t h e  s ta n d a r d  e l e c t r o d e  p o t e n t i a l  a s s o c i a t e d  
w i th  t h e  c a lo m e l e l e c t r o d e  from  th e  m e asu re d  v a lu e s .  They a r e  n o t  v e ry  
a c c u r a te  a s  t h e  c a p i l l a r y  had  to  b e  i n s e r t e d  i n t o  th e  com partm en ts  con ­
c e r n e d  and  moved a b o u t from  e l e c t r o d e  t o  m em brane. The la c k  o f  sp a c e  
be tw ee n  th e  w ooden fra m e s  t h a t  su p p o r t  t h e  tw o com partm en ts  made i t  d i f ­
f i c u l t  t o  know w here  t h e  t i p  o f  th e  c a p i l l a r y  w as.
To com plem ent t h e  v o l ta g e  m e asu re m en ts , sa m p le s  from  th e  c a th o d e  and  th e  
anode c om partm en ts  w ere  ta k e n  and t h e i r  c o n d u c t iv i t i e s  m e asu re d . T hese
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v a lu e s  a g re e d  w i th in  5% w i th  t h e  v a lu e s  c a l c u l a t e d  f o r  th e  sam p le  c o n d i­
t i o n s  u s in g  th e  c o n d u c t iv i t y  e q u a t io n s  p r e s e n te d  i n  S e c t io n  4 ,8 .2 .  T hese  
v a lu e s  a r e  n o t  p r e s e n te d  a s  t h e  sam p le  te m p e r ,i tu re  i n  th e  l a b o r a to r y  was 
n o t  t h e  same a s  on th e  p l a n t  and  t h e r e f o r e  t h e  m easu red  c o n d u c t iv i t i e s  
a r e  n o t  a p p l i c a b l e .
T he c o s t s  t h a t  a r r> in c lu d e d  in  t h e  m odel a r e  in te n d e d  to  r e f l e c t  t h e  e x ­
p e n s e s  and  p r o f i t  o f  t h e  p r o d u c t io n  o n ly .  O verheads su c h  a s  w ag es, i n ­
t e r e s t  on c a p i t a l ,  and c o s t s  o f  d e p a r tm e n ts  su c h  a s  m a rk e tin g  and  s a l e s  
a r e  n o t  in c lu d e d .  O th e r  c o s t s  w h ich  a r e  n o t  in c lu d e d  b u t  w h ich  do r e l a t e  
t o  p r o d u c tio n  a r e  c o s t  o f  m a in te n a n c e  and  c o s t  o f  pum ping . F o r  t h e s e  
re a s o n s  t h e  p r o f i t  v a lu e  r e tu r n e d  by  th e  m odel means n o th in g  by  i t s e l f .  
I t s  o n ly  u s e  i s  a s  a  means o f  c o m p ariso n  b e tw ee n  d i f f e r e n t  p l a n t  o p e r a t in g  
c o n d i t i o n s .  E ven  th e n  th e  a b s o lu te  d i f f e r e n c e  i s  a l l  t h a t  may h av e  mean­
in g .  D i f fe re n c e s  m easu red  i n  p e rc e n ta g e  change  a r e  i r r e l e v a n t  s in c e  th e  
b a s e  v a lu e  may b e  v e ry  d i f f e r e n t .
8 .3  S in g le  V a r ia b le  O p tim isa t io n
The m odel makes a  c l e a r  s ta te m e n t  t h a t  t h e  g r e a t e r  t h e  f lo w  r a t e  i n  t h e  
c e l l ,  th e  h ig h e r  t h e  pH i n  t h e  c a th o d e  co m p artm e n t, and t h e  b e t t e r  th e  
c a th o d e  c u r r e n t  e f f i c i e n c y .  R o d r ig u e s  (1983) h a s  a l r e a d y  r a i s e d  t h i s  
p o i n t ,  b u t  i t  b e a r s  r e p e t i t i o n  f o r  e m p h as is . A g r e a t e r  f lo w  th ro u g h  th e  
membrane r e d u c e s  t h e  b a c k  m ig r a t io n  o f  h y d ro g en  io n s .  As hy d ro g en  i s  
s t r i p p e d  from  th e  c a th o d e  com partm en t t h e  pH in c r e a s e s , r e d u c in g  th e  
s t r i p p i n g  r a t e  u n t i l  i t  e q u a ls  t h e  n e t  hy d ro g en  f l u x  a g a in . T h is  b a la n c e  
i s  d e s c r ib e d  i n  more d e t a i l  i n  S e c t io n  4 .6 .  A low er s t r i p p i n g  r a t e  in  
e f f e i t  means a b e t t e r  c u r r e n t  e f f i c i e n c y .  The l i m i t i n g  f a c t o r  i n  r a i s i n g  
th e  f lo w r a te  i s  t h a t  e v e n tu a l ly  t h e  pH in c r e a s e s  t o  t h e  p o in t  w here  p r e ­
c i p i t a t i o n  o f  m anganese  h y d ro x id e  o c c u r s .
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As t h e r e  i s  a  g r e a t  d e a l  o f  v a r i a t i o n  i n  t h e  v a lu e s  fo u n d  from  th e  l i t ­
e r a t u r e  f o r  t h e  s o l u b i l i t y  p r o d u c t  c o n s ta n t  d e s c r ib in g  t h e  r e a c t i o n  
p ro d u c in g  m anganese  h y d ro x id e , i t  was d e c id e d  t o  f i t  t h i s  v a lu e  w i th in  
th e  ra n g e  o f  t h e  l i t e r a t u r e  v a l u e s . The v a lu e  ch o sen  t o g e t h e r  w i th  th e  
s ta n d a r d  s e t  o f  o p e r a t in g  v a r i a b l e s  r e s u l t s  i n  a  p r e d i c t e d  o p e r a t io n  J u s t  
w i th in  th e  l i m i t  s e t  by t h i s  r e a c t i o n .  T h is  h a s  be en  done t o  mim ic th e  
p ro c e d u re  on th e  p l a n t .  T h e re  t h e  m a jo r  c o n t r o l  v a r i a b l e  i n  t h e  c e l l  h o u se  
i s  t h e  f lo w r a te  t o  e a c h  c e l l .  The f lo w r a te  i s  u su i ly  h e ld  a s  h ig h  as
p o s s i b l e ,  w i th  t h e  maximum v a lu e  b e in g  d e te rm in e d  by th e  o n s e t  o f  
m anganese  h y d ro x id e  p r e c i p i t a t i o n .  The p l a n t  o p e r a to r  d o e s ke ep  a  m a rg in  
o f  s a f e t y ,  b u t  t h i s  d o e s  n o t  a f f e c t  t h e  a rg u m e n t.
T h is  o p e r a t i o n  c lo s e  t o  a  p h y s ic a l  l i m i t  h a s  some i n t e r e s t i n g  r e s u l t s  f o r  
th e  e f f e c t  o f  c h an g in g  one  v a r i a b l e  a t  a  tim e  o n ly .  (T he r e s u l t s  o f  
c h an g in g  more t h a n  one  v a r i a b l e  s im u l ta n e o u s ly  a r e  exam ined  i n  S e c t io n  
8 .4  b e lo w .)  K eep ing  th e  r e m a in in g  v a r i a b l e s  a t  t h e i r  v a lu e s  s e t  o u t  i n  
A ppendix  J ,  o n e  g e t s :
1 . The b e h a v io u r  o f  t h e  f lo w r a te  (Q) i n  t h e  m odel i s  d e s c r ib e d  a b o v e.
I t s  b e s t  v a lu e  i s  h ig h ,  and  i s  c o n s t r a in e d  by th e  p r e c i p i t a t i o n  in
th e  c e l l s ,
2 . The c o n c e n t r a t io n  o f  ammonium s u lp h a t e  (AMSLPH) i n  t h e  s o l u t i o n  a ls o
fo l lo w s  t h i s  t r e n d .  I t s  b e s t  v a lu e  i s  a  maximum v a lu e  and  i s  con ­
s t r a i n e d  by  th e  same p r e c i p i t a t i o n  r e a c t i o n .  I f  t h e  c o n c e n t r a t io n  
g o e s  above t h i s  l i m i t  th e n  more m anganese  i n  th e  c e l l  i s  com plexed 
w i th  t h e  ammonia and  i s  n o t  a v a i l a b l e  f o r  p l a t i n g .  T h is  r e d u c e s  th e  
c u r r e n t  e f f i c i e n c y  w h ich  c a u se s  more hy d ro g en  to  b e  e v o lv e d . The pH 
th e n  r i s e s  more th a n  th e  tta2"1 c o n c e n t r a t io n  f a l l s  and  p r e c i p i t a t i o n  
o f  m anganese  h y d ro x id e  o c c u r s .
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3 . The pH in  t h e  le a c h  ta n k  (PHLCH), and h ence  th e  pHs in  t h e  s u lp h id e  
ta n k s  (PHSUL) and  th e  c e l l  h o u se  f e e d  s tr e a m  (PHF) w h ich  a r e  l in k e d  
to  i t ,  fo l lo w s  th e  same t r e n d .  I t  h a s  an optimum maximum v a lu e  w hi^h 
i s  d e te rm in e d  by  th e  p r e c i p i t a t i o n  o f  m anganese h y d ro x id e . The r e a s o n  
f o r  t h i s  i s  n o t  c l e a r  a s  t h e  pH h a s  a s u b t l e  e f f e c t  v i a  th e  r e ­
l a t i o n s h i p  b e tw een  m anganese  and ammonia upon w h ich  i t  h a s  a  la r g e  
in f lu e n c e .
4 . The m anganese  c o n c e n t r a t i o n  i n  t h e  le a c h  (MANGAN) d e te rm in e s  th e  
c o n c e n t r a t io n  in  t h e  c a th o d e  com partm ent p r o v id e d  th e  f l .o w ra te  i s  
c o n s t a n t .  T h e r e f o r e ,  a s  exam ined  i n  S e c t io n  7 .3 ,  t h e  h ig h e r  t h e  
m anganese  c o n c e n t r a t io n  in  t h e  p l a n t ,  and h e n ce  in  t h e  c a th o d e  com­
p a r tm e n t  , t h e  b e t t e r .  Of c o u rs e  o th e r  c o n s t r a i n t s  n o t  ta k e n  in to  a c ­
c o u n t h e re  may e x i s t  w h ic h  l i m i t  t h e  c o n c e n t r a t io n .  A s u r p r i s in g  
r e s u l t  from  th e  m odel i s  t h a t  th e  m anganese c o n c e n t r a t io n  m ust h e  
g r e a t e r  th a n  some minimum v a lu e  t o  p r e v e n t  m anganese  h y d ro x id e  f o r ­
m a tio n . As d e s c r ib e d  above w i th  r e s p e c t  t o  t h e  e f f e c t  o f  ammonium 
s u lp h a t e ,  a  low Mn c o n c e n t r a t i o n  r e s u l t s  i n  a  pH in c r e a s e  t o  c au se  
th e  p r e c i p i t a t i o n .
5 . The t o t a l  c u r r e n t  ( I )  h a s  tw o e f f e c t s .  I t  m ust b e  g r e a t e r  th a n  some 
lo w e r  l i m i t  o r  e l s e  p r e c i p i t a t i o n  o c c u rs  i n  th e  c e l l s .  A low er c u r r e n t  
p ro d u c e s  l e s s  m anganese  w h ich  r e s u l t s  i n  a h ig h e r  m anganese l e v e l  i n  
th e  c e l l s  and p r e c i p i t a t i o n  o c c u r s .  A t t h i s  low er l i m i t  th e  p l a n t  w i l l  
b e  r u n n in g  m ost e f f i c i e n t l y .  An in c r e a s e  i n  c u r r e n t  r e d u c e s  t h e  e f ­
f i c i e n c y ,  b u t  i n c r e a s e s  th e  p r o d u c t io n  r a t e  o f  m anganese. T h is  i n ­
c r e a s e  i s  g r e a t e r  th a n  t h e  d e c r e a s e  i n  e f f i c i e n c y  and th e  p l a n t  w i l l  
make more money a t  t h e  h ig h e r  c u r r e n t .
The o n ly  v a r i a b l e s  t h a t  c an  b e  changed  in d iv i d u a l l y  on th e  p l a n t  t o  im­
p ro v e  p e rfo rm an c e  a r e  t h e r e f o r e :  in c r e a s in g  th e  m anganese  c o n c e n t ra t io n  
o r  i n c r e a s in g  th e  c u r r e n t . I t  m ust be  s t a t e d  how ever t h a t  i n  p r a c t i c e  
v a r i a t i o n s  i n  t h e  o th e r  v a r i a b l e s  c an  b e  t o l e r a t e d  a s  a r e s u l t  o f  t h e
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m a rg in  o f  s a f e t y  k e p t  by th e  p l a n t  o p e r a to r .  T h is  a n a ly s i s  h o ld s  when 
th e r e  i s  no s a f e t y  m a rg in  a t  a l l .  Hence th e  f i v e  v a r i a b l e s  in v o lv e d  in  
th e  a n a ly s i s  a r e  a t  t h e i r  r e s p e c t iv e  l i m i t s  i n  t h e  s ta n d a r d  s e t  o f  v a r i ­
a b le s  l i s t e d  i n  A ppendix  J .
T he l i m i t s  on  th e  v a r i a b l e s  a r e  n o t  c o n s ta n t .  They depend  on  th e  v a lu e s  
o f  t h e  o th e r  v a r i a b l e s .  H ence by c h a n g in g  th e  v a r i a b l e s  s im u lta n e o u s ly ,  
t h e  l i m i t s  on th e  in d iv i d u a l  v a r i a b l e s  a r e  ch an g e d , p e r m i t t i n g  th e  changes 
t o  o c c u r  beyond  th e  p r e v io u s  l i m i t s .
8 . 4  M u lt i-V a r ia b le  O p tim isa t io n
T he r e s u l t s  o f  t h e  o p t im i s a t io n  ru n s  a r e  t a b l e d  a t  t h e  end o f  t h i s  s e c ­
t i o n .  O p tim i s a t io n  by  c h o ic e  o f  f i v e  v a r i a b l e s  i s  p r e s e n te d  in  T a b le  1 , 
by  c h o ic e  o f  f o u r  v a r i a b l e s  i n  T a b le  2 ,  by  c h o ic e  o f  t h r e e  v a r i a b l e s  in 
T a b le  3 and by  c h o ic e  o f  tw o v a r i a b l e s  i n  T a b le  4 .  The v a r i a b l e s  u se d  
i n  t h e  o p t im is a t io n  a r e  t h e  f i v e  v a r i a b l e s  i s o l a t e d  i n  S e c t io n  7 .1 .  The 
pH u se d  i s  t h a t  i n  t h e  f i n a l  le a c h  t a n k ,  a l th o u g h  i t  m u st b e  rem em bered 
t h a t  f o r  t h e  p u rp o se s  o f  t h e  o p t im i s a t io n  ru n s  t h e  pHs i n  t h e  s u lp h id e  
ta n k s  and  th e  c e l l  h o u se  f e e d  s tr e a m  a r e  d e te rm in e d  by th e  le a c h  pH from  
th e  e q u a t io n s  7 .1  and  7 .2 .
I n  eac h  t a b l e  t h e  s e p a r a t e  c o m b in a t io n s  o f  v a r i a b l e s  a r e  g ro u p ed  to g e th e r  
and  th e  g ro u p  num bered . W ith in  eac h  g roup  th e  r e s u l t s  o f  o p t im is in g  th e  
o b j e c t i v e  f u n c t io n  w i th  u n i t s  o f  R /h r  a r e  l i s t e d  f i r s t ,  and  th e n  th e  r e ­
s u l t s  o f  th e  o b j e c t i v e  f u n c t i o n  w i th  u n i t s  R / to n .  T h ese  l a t t e r  v a lu e s  a l s o  
h av e  a  " t "  w r i t t e n  a f t e r  them . A " c "  a f t e r  a  v a r i a b l e  i n  a t a b l e  i n d i c a t e s  
t h a t  i t  was h e ld  c o n s t a n t ,  an  " t "  a f t e r  a v a r i a b l e  in d i c a t e s  t h a t  i t  l i e s  
on th e  low er l i m i t  o f  i t s  e x p l i c i t  ra n g e  and a  "u "  i n d i c a t e s  t h a t  i t  l i e s
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on th e  u p p e r  l i m i t  o f  i t s  r a n g e . Some ru n s  w ere  r e p e a te d  w i th  d i f f e r e n t  
e x p l i c i t  l i m i t s  t o  c heck  t r e n d s .
The e x p l i c i t  l i m i t s  r e f e i  r e d  to h e re  a r e  n o t  o f  t h e  same ty p e  a s  th o s e  
r e f e r r e d  t o  i n  S e c t io n  8 .3 .  T hose  a r e  r e a l  l i m i t s  im posed  by t h e  m odel 
and a r e  o n ly  d e f in e d  f o r  c) a n g es  i n  one  p a r t i c u l a r  v a r i a b l e  a t  a  t im e .  
T he e x p l i c i t  l i m i t s  m e n tio n e d  i n  t h i s  s e c t i o n  a r e  a r b i t r a r y  c o n s t r a i n t s  
on th e  r a n g e  o f  v a lu e s  t h a t  t h e  v a r i a b l e s  e r e  a llo w e d  t o  ta k e .
A d e t a i l e d  o u tp u t  o f  th e  m odel f o r  t h e  s ta n d a r d  s e t  o f  o p e r a t in g  v a r i a b l e s  
and p a ra m e te r s  i s  p r e s e n te d  in T a b le  5 . The s ta n d a r d  o b je c t i v e  f u n c t io n  
v a lu e s  ta k e n  from  t h i s  t a b l e  a r e  3 081 .35  R /h r  and  1035 .55  R / to n .  T hese  
v a lu e s  a r e  t h e  b a s e s  f o r  th e  c o m p ar iso n s  o f  t h e  p l a n t ' s  p e rfo rm a n c e .
T he a n a ly s i s  o f  t h e  o p t im i s a t io n  e x e r c is y  s t a r t s  by  lo o k in g  a t  t h e  c a s e  
w here  a l l  f i v e  v a r i a b l e s  w ere  a llo w e d  t o  v a ry  by  10% on  e i t h e r  s id e  o f  
t h e i r  s ta n d a r d  v a l u e s . T h is  i s  g ro u p  1 i n  T a b le  1 a t  t h e  end  o f  t h i s  
c h a p te r .  I n  th e  c a s e  o f  t h e  f i r s t  o b j e c t i v e  f u n c t i o n ,  a b b re v ia t e d  F . , i n  
( R /h r )  i t  c an  b e  s e e n  t h a t  th e  f lo w r a te  Q, t h e  c u r r e n t  I  and th e  m anganese  
c o n c e n t r a t i o n  i n  t h e  le a c h  a r e  a l l  a t  t h e i r  u p p e r  l i m i t s . The ammonium 
s u lp h a t e  c o n c e n t r a t io n  s ta n d s  a t  i t s  lo w e r  l i m i t ,  w h ile  t h e  pH i n  t h e  
l e a c h ,  and  h e n ce  i n  t h e  s u lp h id e  ta n k s  and  th e  c e l l  h o u se  f e e d  s tr e a m , 
i s  h ig h e r  th a n  i t s  s ta n d a r d  v a lu e . The F . v a lu e  i s  3 5 9 2 .0 6  w h ich  i s  b e t t e r  
th a n  th e  n o rm al v a lu e  o f  3 0 8 1 .3 5 . T h is  s i t u a t i o n  i s  c o n t n  ^ ed  by  t h a t  
w h ich  a r i s e s  when u s in g  t h e  se co n d  o b je c t i v e  f u n c t io n  ( R / to n ) .  H ere  t h e  
f lo w r a te  and  th e  m anganese  c o n c e n t r a t io n  a r e  s t i l l  a t  t h e i r  u p p e r  l i m i t s ,  
b u t  t h e  c u r r e n t  i s  a t  i t s  low er l i m i t . The ammonium s u lp h a te  c o n c e n t r a t io n  
i s  a l s o  a t  i t s  low er l i m i t  and  th e  pH i s  lo w e r  th a n  n o rm a l. The F . v a lu e  
i s  1 0 5 3 .0 3  com pared t o  1 0 3 5 .5 5 .
R e s u l t s  and  D is c u s s io n
The tw o o th e r  g ro u p s  i n  T a b l . ru .\ f o r  d i f f e r i n g  l i m i t s  o f  t h e  v a r i a b l e s  
show s i m i l a r  t r e n d s , a s  do t i .u  c o m b in a t io n s  o f  f o u r  v a r i a b l e s ,  w i th  PHLCH 
o r  I  h e ld  c o n s t a n t ,  i n  T a b le  2 , e x c e p t f o r  g roup  1 i n  T ab le  2 . H ere  t h e  
pH i s  f i x e d  so  t h a t  th e  ammonium s u lp h a te  i n c r e a s e s  t o  a  m o d e l-d e te rm in e d  
l i m i t  t o  i n c r e a s e  p e rfo rm a n c e .
To s e e  t h e  r e l a t i o n s h i p  b e tw ee n  th e  f l o w r a te ,  th e  ammonium s u lp h a t e  c o n ­
c e n t r a t i o n  and  t h e  pH, s e v e r a l  ru n s  w ere  done w i th  c u r r e n t ,  I ,  and 
m anganese  c o n c e n t r a t i o n ,  MANGAN, h e ld  c o n s t a n t .  T h ese  ru n s  a r e  p r e s e n te d  
i n  g ro u p  1 o f  T a b le  3 . A gain  f o r  b o th  o b j e c t i v e  f u n c t io n s  t h e  f lo w ra te  
i n c r e a s e d  t o  i t s  e x p l i c i t  l i m i t .  The ammonium s u lp h a t e  c o n c e n t r a t i o n  d e ­
c r e a s e d  t o  i t s  lo w e r  l i m i t .  The pH in c r e a s e d  t o  a  m o d e l-d e te rm in e d  l i m i t .  
T hese  r e s u l t s  show no  ch an g e  i n  b e h a v io u r  from  th o s e  f o r  t h e  f u l l  f i v e  
v a r i a b l e  o p t im i s a t io n .  The re m a in d e r  o f  r u n s  i n  T a b le  3 a g re e  w ith  r e ­
s u l t s  a s  found .
To o b ta in  a  b e t t e r  id e a  o f  t h e  r e l a t i o n s h i p s  b e tw ee n  th e  v a r i a b l e s ,  th e y  
w ere  ta k e n  two a t  a  tim e  f o r  t h e  m ost i n t e r e s t i n g  c a s e s  and  th e  r e s u l t s  
a r e  l i s t e d  i n  T a b le  4  and  d is c u s s e d  below :
1 . I n  g roup  1 f o r  Q v s  AMSLPH th e  f lo w r a te  in c r e a s e d  to  i t s  u p p e r  l i m i t  
w h i l s t  th e  ammonium s u lp h a t e  c o n c e n t r a t io n  d e c r e a s e d ,  f o r  b o th  ob ­
j e c t i v e  f u n c t i o n s . The v a lu e s  f o r  AMSLPH a r e  n o t  a t  t h e i r  low er e x ­
p l i c i t  l i m i t s  and  t h e r e f o r e  i n d i c a t e  t h a t  t h e  v a lu e s  a r e  a t  a  maximum 
r e a l  l i m i t  d e f in e d  by  t h e  m o d e l. The e f f e c t  o f  t h e  h ig h e r  f lo w ra te  
i s  t o  low er t h e  maximum (an d  b e s t )  c o n c e n t r a t io n  when com pared t o  th e  
s ta n d a r d  s e t  o f  v a r i a b l e s .  The n e t  r e s u l t  i s  a  b e t t e r  o p e r a t i n g  c o n -
2 . I n  g ro u p  2 , AMSLPH i s  v a r i e d  a g a in s t  MANGAN. The r e s u l t s  a r e  s im i l a r  
t o  th o s e  i n  g roup  1 and  MANGAN b e h av e s  i n  a  s im i l a r  f a s h io n  t o  Q in  
t h e  above p a ra g ra p h . I n  t h i s  c a s e  th e  m o d e l-d e te rm in e d  l i m i t  on AMSLPH
R e s u l t s  and D is c u s s io n
i s  above  i t s  s ta n d a r d  v a lu e .  I n  g ro u p s  1 and 2 t h e r e f o r e  th e  ammonium 
s u lp h a t e  c o n c e n t r a t i o n  i s  n o t  a s  im p o r ta n t  a s  t h e  f lo w ra te  o r  th e  
m anganese  c o n c e n t r a t io n .
3 . I n  g ro u p  3 , Q i s  v a r ie d  a g a in s t  MANGAN. H ere  t h e  m anganese c o n ce n ­
t r a t i o n  i s  more im p o r ta n t  th a n  th e  f lo w r a te  s in c e  t h e  m anganese  goes 
t o  i t s  u p p e r  l i m i t  and i t  i s  l e f t  t o  t h e  f lo w r a te  t o  b e  s u b je c t e d  t o  
t h e  m o d e l-d e te rm in e d  l i m i t .
4 .  I n  g ro u p  4 ,  AMSLPH i s  v a r ie d  a g a in s t  t h e  le a c h  pH. F o r  b o th  o f  t h e  
o b j e c t i v e  f u n c t i o n s  t h e  ammonium s u lp h a te  c o n c e n t r a t io n  d e c r e a s e s  co 
i t s  lo w e r  e x p l i c i t  l i m i t  and th e  pH in c r e a s e s  t o  a m o d e l-d e te rm in ed  
l i m i t .  T h is  i n d i c a t e s  t h a t  t h e  ammonium s u lp h a t e  c o n c e n t : a t i o n  h as 
a  g r e a t e r  e f f e c t  on th e  p e rfo rm an c e  th a n  th is  pH,
5 .  MANGAN i s  v a r i e d  a g a in s t  le a c h  pH i n  g ro u p  5 . As e x p e c te d  th e  
m anganese  i n c r e a s e s  t o  i t s  u p p e r  l i m i t  and  th e  pH i s  m o d e l-d e te rm in ed  
t o  a  v a lu e  g r e a t e r  th a n  th e  s ta n d a r d  v a lu e .
6 . Group 6 p r e s e n t s  Q v s  I .  F o r  t h e  f i r s t  o b j e c t i v e  f u n c t i o n  th e  c u r r e n t  
i n c r e a s e d  t o  i t s  l i m i t  and f o r  t h e  se co n d  th e  c u r r e n t  d e c r e a s e d  to  
i t s  l i m i t .  I n  b o th  c a s e s  t h e  f lo w r a te  was m o d e l-d e te rm in e d  a l th o u g h  
th e  l i m i t i n g  v a lu e  f o r  t h e  f lo w ra te  i n  t h e  f i r s t  c a s e  was g r e a t e r  th a n  
in  t h e  s e c o n d . T h is  i n d i c a t e s  t h a t  t h e  t o t a l  c u r r e n t  i s  more im p o r ta n t  
th a n  th e  f l o w r a t e .  The two v a r i a b l e s  w here  t h e n  a llo w e d  t o  v a ry  t o  
r  g r e a t e r  d e g re e  when o p tim is in g  th e  se co n d  o b je c t i v e  f u n c t i o n .  A t r u e  
optimum p o in t  was fo u n d , i . e .  i t  d o e s n o t  l i e  on an e x p l i c i t  l i m i t .  
The maximum how ever was v e ry  s h a l lo w , h a v in g  th e  same v a lu e  t o  s i x  
s i g n i f i c a n t  f i g u r e s  a s  t h e  c o n s t r a in e d  optim um .
7 . I n  g ro u p  7 , I  i s  v a r i e d  a g a in s t  AMSLPH. The c u r r e n t  s ta n d s  a t  i t s  
u p p e r  l i m i t  f o r  t h e  f i r s t  F , and a t  i t s  lo w e r  l i m i t  f o r  th e  second  
F . . I n  th e  f i r s t  c a s e  t h e  m odel d e te rm in e d  l i m i t  f o r  th e  ammonium 
s u lp h a t e  c o n c e n t r a t io n  was s l i g h t l y  h ig h e r  th a n  th e  s ta n d a r d  v a lu e .
R e s u l t s  and  D is c u s s io n
I n  t h e  se co n d  c a s e  t h i s  l i m i t  was d r iv e n  downwards by th e  c u r r e n t ,  
w i th  a  r e s u l t i n g  low ammonium s u lp h a t e  c o n c e n t r a t i o n .  The b e n e f i t s  
o f  a  low c u r r e n t  o u t-w e ig h  thos<  a  h ig h  ammonium s u lp h a te  c o n ce n ­
t r a t i o n .
The c a s e  o f  t h e  se co n d  o b je c t i v e  f u n c t i o n  (R /to n )  i n  p o in t  6 above  i s  
i n t e r e s t i n g  i n  t h a t  i t  i s  t h e  o n ly  c a s e  w here  a t  l e a s t  one o f  t h e  v a r i ­
a b le s  i s  n o t  a t  an  e x p l i c i t  l i m i t .  The v a lu e s  f o r  th e  f lo w ra te  and  th e  
c u r r e n t  a r e  a t  m o d e l-d e te rm in e d  l i m i t s  w i th in  t h e i r  p e r m i t te d  r a n g e s . 
T h is  im p l ie s  t h s t  t h e  r e l a t i o n s h i p  b e tw een  t h e s e  two v a r i a b l e s  d o e s h av e  
a  t r u e  optim um p o in t  t h a t  i s  w i th in  t h e  r a n g e  o f  f e a s i b l e  o p e r a t io n .  The 
r e l a t i o n s h i p s  b e tw een  th e  o tn e r  v a r i a b l e s  a l l  i n d i c a t e  t h a t  t h e  b e s t  
c o n d i t io n s  l i e  f a r  away from  th e  s ta n d a r d  o n e . Such c o n d i t io n s  i n  p r a c t i c e  
w i l l  i n t r o d u c e  e x t r a  c o n s t r a i n t s  and  f e a t u r e s  n u t  c o v e re d  by th e  model 
and t h e r e f o r e  t h e  m odel may b r e a k  down. T h e r e fo r e  t h e s e  v a r i a b l e s  m ust 
b e  a r t i f i c i a l l y  c o n s t r a in e d .  T h is  i s  t h e  r e a s o n  f o r  t h e  in t r o d u c t io n  o f  
t h e  e x p l i c i t  l i m i t s . I n  t h e s e  c a s e s  t h e  m odel i s  i n d i c a t in g  d i r e c t i o n s  
t h a t  may b e  f r u i t f u l l y  p u r s u e d , b u t  i t  i s  n o t  c l e a r  e x a c t ly  how f a r  one 
may p ro c e e d  i n  e a c h  d i r e c t i o n .  I n  t h e  p a r t i c u l a r  c a s e  o f  t h e  f lo w r a te  vs 
t h e  t o t a l  c u r r e n t  f o r  m ost e f f i c i e n t  o p e r a t i o n ,  a b e s t  p o in t  d o e s e x i s t ,  
a l th o u g h  i t s  p o s i t i o n  s t i l l  d ep en d s on th e  v a lu e s  o f  t h e  o th e r  v a r i a b l e s .
E xam ining  th e  above r e s u l t s  e n a b le s  one t o  d e te rm in e  th e  o r d e r  o f  im p o r­
ta n c e  o f  th e  v a r i a b l e s  w i th  r e s p e c t  t o  t h e i r  i n f lu e n c e s  on th e  o b j e c t i v e  
f u n c t i o n .  I n  d e c r e a s in g  o r d e r  th e y  a r e  : MANGAN, I ,  Q, AMSLPH and pH. 
T h is  s a y s  t h a t  w here  a b e n e f i c i a l  change  i n  one  v a r i a b l e  can  o n ly  o c c u r  
a t  t h e  e x p e n se  o f  a n o n - b e n e f i c i a l  change  f o r  some o th e r  v a r i a b l e ,  th e n  
th e  ch an g e  t h a t  c a u s e s  t h e  b e t t e r  o p e r a t io n  w i l l  o c c u r  t o  t h e  v a r i a b l e  
o f  h ig h e r  o r d e r .  An exam ple  o f  t h i s  i s  p o in t  3 w here  th e  m anganese  c o n ­
c e n t r a t i o n  m ust b e  e x p l i c i t l y  r e s t r a i n e d ,  and th e  maximum v a lu e  o f  th e  
f lo w r a te  i s  d e te rm in e d  by  th e  m anganese. The m anganese  t h e r e f o r e  h a s  a 
h ig h e r  o r d e r  th a n  th e  f lo w r a te .
R e s u l t s  and  D is c u s s io n
The r a n k in g  a l s o  g iv e s  t h e  o r d e r  o f  s e n s i t i v i t y  o f  t h e  p l a n t  t o  eac h  
v a r i a b l e .  F o r  i n s t a n c e  t h e  p l a n t  w i l l  h av e  a  g r e a t e r  r e a c t i o n  to  a  i'% 
change  in  t h e  m anganese  c o n c e n t r a t i o n  th a n  i t  w i l l  t o  a  5% change  i n  th e  
ammonium s u lp h a te  c o n c e n t r a t io n .
To u n d e rs t a n d  more c l e a r l y  th e  d i f f e r i n g  e f f e c t s  o f  t h e  v a r i a b l e s  i n  r e ­
l a t i o n  t o  t h e  tw o o b je c t i v e  f u n c t i o n s , t h e  tw o ru n s  i n  g roup  1 o f  T a b le  
4  a r e  p r e s e n te d  in  g r e a t e r  d e t a i l  i n  T a b le s  6 and 7 . I t  i s  e a sy  t o  s e e  
why h ig h  f lo w r a te s  and  m anganese  c o n c e n t r a t io n s  b e n e f i t  b o th  o f  t h e  ob ­
j e c t i v e  f u n c t i o n s . A h ig h  f lo w r a te  in c r e a s e s  th e  c u r r e n t  e f f i c i e n c y  and 
h e n ce  im proves t h e  se co n d  F . . I t  a l s o  means a  g r e a t e r  p r o d u c t io n  r a t e  o f  
m anganese , w h ich  b e n e f i t s  t h e  f i r s t  F . . The m anganese  h a s  su c h  a  la r g e  
e f f e c t  on  th e  e f f i c i e n c y  o f  t h e  p r o c e s s  t h a t  t h i s  e f f e c t  m ust b e  in c lu d e d  
i n  t h e  f i r s t  F . . Of c o u rs e  t h e r e  i s  a d i f f e r e n c e  i n s i d e  t h e  c e l l .  The 
optimum p o in t  co r  t h e  se co n d  F . ( R /to n )  h a s  a h ig h e r  m anganese  c o n ce n ­
t r a t i o n  and a low er s t r i p  th a n  th e  optim um p o in t  f o r  t h e  f i r s t  F . ( R /h r ) .
T he c u r r e n t  d i f f e r s  g r e a t l y  b e tw ee n  th e  tw o. I t  i s  h ig h  t o  b o o s t  p r o ­
d u c t io n  and  h e n ce  re v e n u e  f o r  th e  f i r s t  F . . I t  i s  low when o p t im is in g  th e  
se co n d  F . . T h is  may b e  s t r a n g e  a t  f i r s t  s i g h t  s i n c e  R o o n g u e s  (1983) h as 
a l r e a d y  shown t h a t  t h e  optim um  c u r r e n t  d e n s i ty  i n  t h e  c e l l s  i s  550 
am ps/m *. The c u r r e n t  d e n s i ty  a t  46800 amps i s  low er th a n  t h i s  (=  513 
amps/m1 ) and i s  t h e r e f o r e  n o t  a s  e f f i c i e n t  a s  i t  c o u ld  b e . The o v e r r id in g  
e f f e c t  i s  a g a in  th e  m anganese  c o n c e n t r a t i o n .  The low c u r r e n t  s t r i p s  l e s s  
m anganese  from  th e  c e l l s  and  a h ig h e r  c o n c e n t r a t io n  r e s u l t s .  T h is  h a s  a 
v e ry  p o s i t i v e  e f f e c t  on th e  c e l l  h o u se  p e rfo rm a n c e . H ow ever, even  i f  t h i s  
e f f e c t  i s  rem oved by  r e s t r i c t i n g  t h e  m anganese  c o n c e n t r a t io n  in  th e  c e l l s  
t o  b e  l e s s  th a n  13 kg/m" s a y ,  t h e  c u r r e n t  s t i l l  d ro p s  t o  i t s  low er e x ­
p l i c i t  l i m i t .
R e s u l t s  and D is c u s s io n
The le a c h  pH i s  o f  l e s s e r  o r d e r  th a n  any  o f  t h e  o th e r  v a r i a b l e s ,  a n d  h ence  
a l th o u g h  i t s  optimum v a lu e  a lw ays te n d s  h ig h e r ,  t h e  maximum l i m i t  i s  a l ­
w ays d e te rm in e d  by th e  o th e r  v a r i a b l e s .
T h is  le a v e s  t h e  ammonium s u lp h a te  c o n c e n t r a t io n  f o r  d is c u s s io n .  A lth o u g h  
t h i s  v a lu e  i s  a lw ays te n d in g  h ig h e r  t o  im prove th e  o p e r a t io n ,  t h e  move­
m en ts  o f  t h e  o th e r  v a r i a b l e s  t e n d  to  d r iv e  down th e  maximum v a lu e  t h a t  
th e  ammonium c o n c e n t r a t io n  c an  ta k e .  T h is  im p l ie s  t h a t  t h e  s e c o n d a ry  e f ­
f e c t  o f  t h e  ammonium s u lp h a te  th ro u g h  i t s  in f lu e n c e  on  th e  o th e r  s p e c ie s  
i s  more im p o r ta n t  th a n  i t s  d i r e c t  e f f e c t  i n  t h e  c o n d u c t iv i ty  o f  t h e  s o l ­
u t i o n .  The c o rre s p o n d in g  h ig h  le a c h  pH t h a t  i s  u s u a l ly  a s s o c i a t e d  w i th  a 
low ammonium s u lp h a te  c o n c e n t r a t io n  a l s o  im p l ie s  th«.i. i t s  e f f e c t  on th e  
e q u i l i b r i a  i s  more im p o r ta n t  t h a n  i t s  e f f e c t  on  th e  le a c h  e f f i c i e n c y .
8 .5  C o n c lu s io n s
T he m odel a p p e a rs  t o  p r e d i c t  t h e  b e h a v io u r  o f  t h e  p l a n t  w e l l  w ith o u t  any 
o b v io u s  c o n t r a d i c t i o n s . I t s  p r e d i c t i o n s  i n  many c a s e s  a g re e  w ith  s ta n d a r d  
p l a n t  o p e r a t i n g  p r o c e d u re , b u t  t h e  m odel a l s o  h ig h l i g h t s  some a s p e c ts  
w h ic h  w ere  n o t  r e a l i s e d  p r e v io u s ly .  I t  h a s  some im p o r ta n t  s u g g e s t io n s  t o  
make w i th  r e s p e c t  t o  t h e  p l a n t  o p e r a t in g  v a r i a b l e s :
1 . & h ig h  m anganese  c o n c e n t r a t i o n  i s  d e s i r a b l e .  T he im provem ent i n  th e  
c e l l  h o u se  o u t-w e ig h s  any  in c r e a s e  i n  lo s s  o f  m anganese  in  
c r y s t a l l i s e d  s a l t s ,  o r  i n  t h e  b e l t  f i l t e r  r e s i d u e .  C o n s t r a in ts  on t h i s  
v a r i a b l e  su c h  as t h e  q u a l i t y  o f  m anganese  p ro d u c e d  and th e  p o s s i b i l i t y  
o f  f l a k i n g  o f  th e  m e ta l  from  th e  c a th o d e s  c o u ld  b e  more c lo s e l y  e x ­
am ined i n  o rd u r  t o  e l im in a te  them ,
R e s u l t s  and D isc u s s io n
2 . The f lo w r a te  s h o u ld  b e  a s  h ig h  a s  c an  b e  t o l e r a t e d .  T h is  v a r i a b l e  i s  
t h e  m ost e a s i l y  c o n t r o l l e d  o f  t h e  v a r i a b l e s ,  and  a s  t h e  m odel p r e d i c t s  
a  f a i l  s e n s i t i v i t y  t o  i t ,  s t r i c t  c o n t r o l  o£ t h i s  v a r i a b l e  m ust b e  
m a in ta in e d .
3 . D epend ing  on w h e th e r  maximum p e rfo rm an c e  o r  e f f i c i e n c y  o f  o p e r a t io n  
i s  d e s i r e d ,  tw o d i s t i n c t  s e t  p o in t s  c an  b e  s u g g e s te d  f o r  t h e  th e  t o t a l  
c u r r e n t .  F o r  maximum p e rfo rm a n c e  th e  c u r r e n t  m ust b e  k e p t  h ig h ,  and 
f o r  maximum e f f i c i e n c y  ant1 re d u c e d  c o s t s  o f  o p e r a t io n  th e  c u r r e n t  m ust
4 . The ammonium s u lp h a te  c o n c e n t r a t io n  m ust b e  k e p t  low . The in c re a s e  
i n  ohm ic p o t e n t i a l  d ro p  th ro u g h  th e  s o l u t i o n  i s  n o t  a s  im p o r ta n t  as 
i t s  e f f e c t  on t h e  m anganese  com plexes.
5 .  T he pH i n  t h e  le a c h  ta n k  m ust b e  k e p t  a s  h ig h  a s  p o s s i b l e ,  t h e  l e v e l  
b e in g  d e te rm in e d  by  th e  o th e r  v a r i a b l e s . A low  le a c h  pH and h e n ce  good 
le a c h  e f f i c i e n c y  i s  n o t  a s  im p o r ta n t  a s  t h e  e f f e c t  t h e  pH h a s  on  th e  
c e l l  h o u se .
R e s u l t s  and  D is c u s s io n
Q
c.3 / h r L p S
AMSLPH 
k g/m 3
MANGAN F  V alue  
R / h r ,  R /Ton
1) 1 7 6 .0 (u )  
1 7 6 .0 ( a )
57200 (u ) 
4 6 800 (2 )
1 1 2 .5 (1 )
1 1 2 .5 ( i )
3 4 .1 0 ( a )
3 4 .1 0 (u )
3 5 92 .06  
1 0 5 3 .0 3 ( t )
2 ) 1 6 8 .0 (u ) 54600 (u) 118 . 8 ( e ) 3 2 .5 J f u ) 3344 .79
3) 1 9 2 .0 (u ) 42452 1 0 0 . 0 ( 1) 3 7 .2 0 (1 ) 1 0 5 8 .2 8 ( t )




R / h r ,  R /Ton
1) 1 7 6 .0 ( a )
1 76 .0 (D )
1 7 6 .0 (u )
57200(11)
4 6 802 (1 ) 115 .7  
1 1 2 .5 ( 2)
34.10(11)
3 4 .0 9 (u )
3 4 .1 0 ( h )
6 .5 5 ( c )
6 .5 5 ( c )
6 .5 5 ( c )
] 0 5 2 .6 0 ( t )  
1 0 5 3 .8 4 ( t )
2) 1 7 6 .0 (u )
1 7 6 .0 ( ii)
5 2 0 0 0 (c )
520 0 0 (c)
1 1 2 .5 (1 )
1 1 2 .5 (1 )
3 4 .1 0  (u )
3 4 .1 0  (u ) 6 .6 9 2 2 1 0 4 7 .7 3 ( t )








R / h r ,  R /Ton
1)
2)
1 7 6 .0 (u )  
1 6 8 .0 (u )  
1 7 6 .0 (u )  
1 6 S .0 (u )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 20 0 0 (c)
1 1 2 .5 (1 )
1 1 8 .8 (1 )
3 1 (c )
3 1 (c )
3 1 (c )
3 1 (c )
3 1 8 5 .4 2  
1 0 4 2 .8 1 ( t )  
1 0 3 9 .5 4 ( t )
3) 1 6 0 (c )
1 6 0 (c )
5 20 0 0 (c)
5 20 0 0 (c)
5 20 0 0 (c)
1 0 0 . 0 ( 1)
1 0 0 . 0 ( 1)
1 1 2 .5 (1 )
3 7 .2 0 (u )  
3 7 .2 0 (u )  
3 4 .1 0 (u )
1 0 4 8 .5 5 ( t )  
1 0 4 3 .3 1 ( t )
4 ) 176 .0(v i)
1 7 6 .0 (u )
520 0 0 (c)
520 0 0 (c)
1 24 .9 3 4 .10 (u .)
3 4 .1 0 ( a )
6 .5 5 ( c )
6 .5 5 ( c ) 1 0 4 6 .7 0 ( t )
T a b le  3 .  O p tim i s a t io n  w i th  T h re e  V a r ia b le s
R e s u l t s  and  D is c u s s io n
No





PHLCH F V alue  
R / b r ,  R /Ton
1) 1 9 2 .0 (h )  
176.0(3) 
1 9 2 .0 (u )  
176.0(a)
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
520 0 0 (c)
110 .3 31 (c )
3 1 (c )
3 1 (c )
3 1 (c )
6 .5 5 ( c )
6 .5 5 ( c )
6 .5 5 ( c )
6 .5 5 ( c )
3 3 95 .00  
3252 .55  
1 0 4 7 .2 0 ( t )  
1 0 4 2 .3 6 ( t )
2 ) 1 6 0 (c )
16 0 (c)
1 6 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
133 .5
3 4 .1 0 (u )
3 2 .5 5 ( h )
3 4 .1 0 (u )
6 .5 5 ( c )
6 .5 5 ( c )
6 .5 5 ( c )
3 146 .88  
1 0 4 0 .9 2 ( t )  
1 0 3 8 .4 3 ( t )
3)
1 6 6 .0 (u )  
168.0(5)
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )





3 4 .1 0 (a )  
32.33(a)
3 4 .1 0 (u )
3 2 .5 5 (u )
6 .5 5 ( c )
6 .5 5 ( c )
6 .5 5 ( c )
3 368 .46
1 0 4 6 .6 4 ( t )  
1 0 4 1 .6 9 ( t )
4 ) 16 0 (c)
1 6 0 (c )
1 6 0 (c )
1 6 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
5 2 0 0 0 (c )
100 . 0 ( 2)
1 1 2 .5 (8 )
100 . 0 ( 6 )
1 1 2 .5 (8 )
3 1 (c )
3 1 (c )
3 1 (c )
3 1 (c )
1 0 3 8 .2 0 ( t )  
1 0 3 7 .0 2 ( t )
5) 1 6 0 (c ) 5 2 0 0 0 (c )
5 2 0 0 0 (c )
1 2 5 .0 (c )
1 2 5 (c )
3 4 .1 0 ( a )  
3 4 .10(u ) t'.ttlt
3250.88  
1 0 4 1 .9 8 ( t )
6 )
1 47 .7
57 2 0 0 (a )
46 804 (4 )
12 5 (c) 3 1 (c )
3 1 (c )
31(c)
6 .5 5 ( c )
6 .5 5 ( c )
6 .5 5 ( c )
1 0 3 8 .8 9 (1 )  
1 0 3 8 .8 9 ( t )
7) l*0(c)
1 6 0 (c )
57 200 (u )
46 800 (2 )
3 1 (c )
31(c)
6 .5 5 ( c )
5 5 (c )
3169 .79  
1 0 4 4 .4 3 ( t )
T a b le  4 .  O p tim i s a t io n  w i th  IWo V a r ia b le s
R e s u l t s  and D is c u s s io n
PROCESS VARIABLES.
TEMP. OF CATHODE COMPARTMENT (C)
PH OF CELLHOUSE FEED
FL0WRATE (m 3 /h r)
TOTAL CURRENT (amps)
NO OF CELLS
PH OF LEACH TANKS
PH OF SULPHIDE TANKS
TEMP. OF LEACH (C)
TEMP. OF SULPHIDE. TANKS (C)
AMMONIUM-SULPHATE IN LEACH, ( g /1 )
DESIRED MN IN LEACH, ( e /1 )
AMMONIUM-SULPHIDE ADD. (1 /m in )
LEACH SECTION.
MANGANESE = 3 1 .0 6  g /1
AMMONIA =  1 .934  kmole/mS
SULPHATE = 1 .510  kmole/m3
AMi-SULPHAIE =  1 24 .9  g /1
LC EFFIC = 0 .865
SULPHIDE SECTION.
3 0 .6 0  g /1
1 .004  ppm
MN OUT = 12 .02  g /1
ACID OUT = 3 0 .95  g /1
CUR. EFF . = 0 .681
PH CATHODE = 8 .209
MN S a f e ty  =  0 .0 0 0
PROD MN = 2 9 7 5 .5 6  k g /h r
CELL VOLTAGE •= 6 .0 8  v o l t s
PROFIT
AMMONIA COST = 
SULPHATE COST = 
MANGAN COST = 
POWER COST = 
REVENUE =
3 0 81 .35  R /h r
1 6 .41  R /h r  
5 2 .3 3  R /h r
795 .12  R /h r  
5 1 8 .1 4  R /h r  
4 4 6 3 .3 4  R /h r
1035 .55  R / to n
5 .5 1  R / to n  
1 7 .5 9  R / to n  
2 6 7 .2 2  R / to n
1 7 4 .1 3  R / to n
T a b le  5 .  Model O u tp u t: S ta n d a rd  V a r ia b le  S e t 
R e s u l t s  and  D is c u s s io n
PROCESS VARIABLES.
TEMP. OF CATHODE COMPARTMENT (C)
PH OF CELLiiOUSE FEED
FLOWRATE (m 3 /h r)
TOTAL CURRENT (amps)
NO OF CELLS
PH OF LEACH TANKS
PH OF SULPHIDE TANKS
TEMP. OF LEACH (C)
TEMP. OF SULPHIDE. TANKS (C)
AMMONIUM-SULPHATE IN LEACH, ( g /1 )
DESIRED MN IN LEACH, (g /1 )
AMMONIUM-SULPHIDE ADD. (1/nvin)
LEACH SECTION.
MANGANESE =  3 4 .8 6  g /1
AMMONIA = 1 .7 4 0  kmole/m3
SULPHATE = 1 .4 7 2  kmole/m3
AMM-SULPHATE *  1 10 .7  g /1
LCH EFFIC =  0 .855
SULPHIDE SECTION.
3 4 .6 3  g /1
1 .2 8 6  ppm
MN OUT =  1 4 .78  g /1
ACID OUT = 3 1 .0 7  g /1
CUR. EFT. = 0 .719
PH CATHODE = 8 .125
) SAFETY = 0 .0 0 0
(OD MN = 3 4 5 7 .2 2  k g /h i
CELL VOLTAGE =  6 .2 3  v o lt#
PROFIT = R /h r 1039 .00 R /to n
AMMONIA COST = * /h r R / to n
SULPHATE R /h r
MANGAN R /h r
POWER R /h r
REVENUE R /h r
T a b le  6 . Model O u tp u t: F i r s t  O b je c t iv e  F u n c tio n  Optimum P o in t
R e s u l t s  and  D is c u s s io n
PROCESS VARIABLES.
TEMP. OF CATHODE COMPARTMENT (C)
PH OF CELLHOUSE FEED
FLOWRATE (m 3 /h r)
TOTAL CURRENT (amps)
NO OF CELLS
PH OF LEACH TANKS
PH OF SULPHIDE TANKS
TEMP. OF LEACH (C)
TEMP. OF SULPHIDE. TANKS (C)
AMMONIUM-SULPHATE IN LEACH, (g /1 )
DESIRED MN IN LEACH, (g /1 )
AHMONIUM-SULPHIDE ADD. (1 /m in )
LEACH SECTION.
MANGANESE = 3 4 ,3 6  g /1
AMMONIA = 1 .7 4 0  kmole/mS
SULPHATE == 1 .4 7 2  koole /m S
AMM-SULPHATE = 1 1 1 .9  g /1
. LCH EFFIC =  0 .8 6 3
SULPHIDE SECTION.
6 /1
MN OUT =  1 6 .7 6  g /1
ACID OUT =  2 7 .6 5  g /1
CUR. EFF. =  0 .7 6 6
PH CATHODE =  8 .0 7 8
MN SAFETY = 0 .0 0 0
PROD MN = 3 0 1 3 ,8 4  k g /h r
CELL VOLTAGE = 6 .0 0  v o l t s
PROFIT = 3 173 .66 R /h r 1053 .03 R / to n
AMMONIA COST = R /h r 4 .8 2 R / to n
SULPHATE R /h r 1 8 .62
MANGAN R /h r
R /h r
REVENUE R /h r
T a b le  7 .  Model O u tp u t: Second  O b je c t iv e  F u n c tio n  Optimum P o in t
R e s u l t s  and  D is c u s s io n
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A PP E N D IX  A THERM ODYNAM IC DA TA
A . l  E q u ilib r iu m  C o n s t a n ts
E q u il i b r iu m  c o n s t a n t s ,  w here  p o s s i b l e ,  have  be en  o b ta in e d  from  th e  l i t ­
e r a t u r e  f o r  t h e  r e a c t i o n s  c o n c e rn e d . T h ere  i s  a g r e a t  d e a l  o f  c o n fu s io n  
i n  t h e  l i t e r a t u r e  c o n c e rn in g  e q u i l ib r iu m  c o n s t a n t s ,  and many a u th o rs  
p u b l i s h  v a lu e s  t h a t  a r e  n o t  t r u e  e q u i l ib r iu m  c o n s t a n t s ,  b u t  in c lu d e  a c ­
t i v i t y  c o e f f i c i e n t s .  K a r t e l l  and  Sm ith. (1 9 7 6 ,1 9 5 2 )  i n  p a r t i c u l a s  r e p o r t  
lo g  K v a lu e s  a t  d i f f e r e n t  i o n i c  s t r e n g th s .  I n  some c a s e s  t h e  v a r i a t i o n  
b e tw ee n  d i l u t e  s o lu t io n s  and  c o n c e n tra te d  s o lu t io n s  may b e  2 u n i t s .  S in c e  
t h e  d a f i n i t i o n  o f  t h e  e q u i l ib r iu m  c o n s ta n t  X i s
K =  e x p (6Ge/R T) A .l
i t  may n o t  v a ry  w i th  c o n c e n t r a t io n .  The r e p o r te d  v a r i a t i o n s  m ust r e f l e c t  
t h e  ch an g e s i n  a c t i v i t y  c o e f f i c i e n t s .  A ssum ing t h a t  t h e s e  r e p o r te d  v a lu e s  
a r e  r q u i l i b r iu m  r a t i o s  t y p i f i e d  i n  e q u a t io n  B .3 , one may p ro c e e d  a s  f o l ­
lo w s . As c o n c e n t r a t io n s  d e c r e a s e  and  a p p ro a ch  v e ry  d i l u t e  s o lu t i o n s ,  
n o n - i d e a l i t i e s  d e c r e a s e  and s o lu t io n s  become more i d e a l -  T h e r e fo r e  i t  may 
b e  assum ed t h a t  th e  a c t i v i t y  c o e f f i c i e n t s  a p p ro a ch  o n e . I n  co n seq u e n ce  
in  v e ry  d i l u t e  s o l u t i o n s  t h e  e q u i l ib r iu m  r a t i o  may b e  ta k e n  t o  h av e  th e  
same n u m e ric a l  v a lu e  a s  t h e  e q u i l ib r iu m  c o n s ta n t .
To e s t im a te  t h e  e q u i l ib r iu m  c o n s ta n t s  a t  v a r io u s  te m p e r a tu re s  from  v a lu e s  
a t  a  known te m p e r a tu re s ,  t h e  i n t e g r a t e d  form  o f  th e  G ib b s-H elm h o ltz  
e q u a t io n ,  w ith  AH assum ed c o n s t a n t ,  i s  u se d .
ln (K j /K 1) = ( 1 /T i  -  1 /T j )  x A iy R  A .2
A ppendix  A
The d a t a  v a lu e s  and r e s u l t i n g  e x p re s s io n s  t h a t  w are  w .e d  in  
p r e s e n te d  below .
1 . Mn2+ + SO^" s  MnSO^
LogK = 2 ,2 6 ,  25°C , I .S t r e n g t h  = 0 .0
Loj^C =  0 .6 0 ,  25DC, I . S .  = 2 ,0
4Hr  =  2 .1  k c a l /m o le ,  25°C , I . S .  = 0 ; M a r t e l l  and Sm ith
AH = 3 .3 7  k c a l /m o le ,  25°C ; N a i r  and N a n c o lla s  (1959)
=  e x p (5 .2 0 4  + 2 1 0 0 (1 /2 9 8  -  1 /T ) /1 .9 8 7 )
2 . H+  +  NH3 s  NH*
TAgK =  9 .2 4 4 ,  25°C , I . S .  = 0 .0
LogK =  9 .4 0 ,  25°C , I.S . =  1 .0
Lo^C =  9 .4 S , 25 eC, I . S . = 2 .0
4Hr  = -1 2 .4 5  k c a l /m o le ,  25 <IC, I . S .  = 0
AH = -1 3 .5 1  k c a l /m o le ,  25°C , I . S .  = 3 ; M a r t e l l  and  Sm:
K2 = e .xp(21 .29  -  1 3000 (1 /298  -  1 /T ) /1 .9 8 ? )
3 . NHj + S 0 j“ 5 NH^SO"
LogK *  0 .9 4 ,  25°C , I . S .  = 0 ; M a r t e l l  and  S m ith  (1982)
However Ob la d  (1975 ) r e p o r t s  v a lu e s  t h a t  B i j s t e r v e l d  use< 
e q u a tio n :
K3 = i0Cl.05 4 Q,0053(i. - 273))
4 . Mn2+ + NH3 = MnNHg+
LogK = 1 .0 0 ,  20aC, I . S .  = 2 ; M a r t e l l  and Sm ith  (1976)




A ppend ix  &
No d a t a  t o t  tc ira p e ra tu re  e x t r a p o la t i o n  c o u ld  b e  found .
\  = 10
5 . MnNHj+ +  3 0 ^ ' s  MnNH^SO^
No d a t a  c o u ld  b e  fo u n d , so  t h e  e q u i l ib r iu m  c o n s ta n t  i s  
same a s  f o r  th e  r e a c t i o n  in  1 above.
6. Co2+ + SO*" 3 CoS04
LogK =  2 .3 4 ,  %5*C, I . S .  =  0
LogK = 0 .2 3 ,  25eC, I .S .  = 3
AH — 1 .4  k c a l / i s o le ,  25°G, I . S .  =  0 ;  M a r t e l l  and  Sm ith
AI$r  = 1 .7 4  k c a l / i a o le ,  25°C , I . S .  = 0 ; N a i r  a r d  N a n c o lla s
K6 = e x p (5 .3 8 6  + 1400 (1 /2 9 8  -  1 /T ) /1 .9 8 7 )
7 . Co2+ + NH3 s C0NH3 h
LogK = 2 .1 0 ,  30°C , I .S .  = 2
LogK = 1 .9 9 ,  20 °C , I .S .  = 0 ; M a r t e l l  and  Sm ith  (1976)
B u t from  B je rru m  (1957) one o b ta in s  th e  f o l lo w in g  c o n s ta n t  
e q u a t io n :
K =  104 a t  25°C
K .  10 ( 2 017 + 0 .0 0 5 (2 9 8  -  T ))
8. CoS04 -f- NH3 e  CoNH3S04
No d a t a  c o u ld  b e  found  f o r  t h i s  com plex r o  t h e  e q u il ib r iu m  
i s  ta k e n  t o  b e  th e  same a s  l o r  th e  r e a c t i o n  i n  6 above.
m t o  b e  t h e  
c o n s ta n t
A ppendix  A
LogK = - 1 0 .5 ,  25°C , 1 .8 .  = 0; K a r t e l l  and  S m ith  (1976)
&H =  6200 c a l /m o le ;  Naumov, R yzhenko and X hodakovsky (1.974)
Ksm =  e x p (-2 4 .1 7 7  + 6200 0 (1 /2 9 8  -  l /T j /1 . 9 8 7 )  A .11
10 .CoS s  Co2+ + S2 "
AH =  16900 c a l /m o le j  Naumov e t  a l  (1974)
The e q u i l ib r iu m  c o n r 'a n t  f o r  t h i s  r e a c t i o n  a t  25°C i s  f i t t e d  i-i a g re e  
w ith  t h e  l e v e l  o f  c o b a l t  c o n c e n t r a t io n  on  th e  p l a n t .  . t «-<iver 
B i j s t e r v e l d  (1983 ) c a l c u l a t e d  t h e  p e r m i s s ib le  ra n g e  t o  b e  f ro t .  >.• 1 .) 
t o  S x io " 1-* The v a lu e  u s e d  i s :
K = l . l x i o " 16
K sc =  e x p (-3 6 .7 4 6  + 16900 (1 /298  -  1 /T ) /1 .9 8 7 )  A. 12
ll.M n 2+ +  2H20 s  Mh(0H) 2 + 2H+
iH r  =  25930 c a l /m o le
AG =  20174 c a l /m o le ;  c a l c u l a t e d  from  d a t a  i n  P e r r y  and
C h i l to n  (1 9 7 3 ), and G a r r e l s  and C h r is t  (1 9 6 5 ).
T h is  g iv e s  K2g8 = 1 .5 9 x l0 *15
The a c t u a l  v a lu e  u s e d  a t  298°K i s  changed  t o  a g re e  w i th  th e  LogK v a lu e  
g iv e n  i n  P o u rb a ix  (1 9 7 4 ),
Kmneq = 4 . 9x l 0 " 16 x e x p (2 5 9 3 0 ( l/2 9 8  -  1 /T ) /1 .9 8 7 )  A .13
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A .2  E q u il ib r iu m  R a tio s
T ha f o l lo w in g  r a t i o s  h av e  b e e n  f i t t e d  by  R o d r ig u e s  (1983) t o  e x p e r im e n ta l  
d a t a  f o r  th e  te m p e r a tu re  r a n g e  295 -330  K.
1 . toi2*  + s  MnNH^+ + H+
Xc = e x p (-3 4 .5 7  + O .OSlxT) A .14
2 . NH3 + H+ 5 M *
Ka =  e x p (4 0 .3 2  -  0 .0 6 4 x T ) A .15
3 . HSO" 5 H+ + SO2 '
Kh = e x p (8 .3 3 9  -  0 .0294xT ) A .16
4 . Mn2+ +  2H2C 5 Mn(0H) 2 + 2H+
R o d rig u e s  u se d  th e  e x p re s s io n  fo u n d  by  Jo n e s  (1963) w h ich  b e s t  f i t t e d  
J o n e s 's  d a t a .
Kmn = e x p (-6 6 .0 0  + 0 .1025xT ) A .17
"^his e q u a t io n  does n o t  f i t  t h e  p l a n t  d a t a ,  p o s s ib l y  b e c a u se  R o d rig u e s 
n e v e r  t r i e d  i t  f o r  pHs above 7 .8 .  Above t h i s  pH th e  r a t i o  o f  Mn/ttaSO^ 
ch an g es d r a m a t ic a l ly .  R o d r ig u e s , ho w ev e r, d id  n o t  a cc o u n t f o r  t h e  p r e s ­
en ce  o f  MnSO^. The e q u a tio n  u se d  w h ich  b e s t  f i t t e d  t h e  d a t a  i s :
Kan = e x p ( - 6 7 .IS  + 0 .1025xT )
A .3  L each  E f fic ie n c y
V ery l i t t l e  e x p l i c i t  d a t a  i s  a v a i l a b l e  f o r  an  a c c u ra te  id e a  o f  t h e  way 
t h e  le a c h  e f f i c i e n c y  v a r i e s  w i th  t h e  le a c h  pH. The f o l lo w in g  e q u a tio n  i s  
f i t t e d  t o  p l a n t  d a t a  and i s  v e ry  a p p ro x im a te , b u t  i t  does d e c r e a s e  w ith  
t h e  pH a s  e x p e r ie n c e d  on  th e  p l a n t :
L e f f  = 0 .8  + 0.0727xpH  -  O.OOSiSgxpH1
A ppendix
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A u s e f u l  and g e n e r a l  r e s u l t  from  the rm odynam ics h o ld s  t h a t  f o r  a  r e a c t i o n  
a t  e q u i l ib r iu m  o f  t h e  f o l lo w in g  ty p e :
one  may w r i t e  t h e  e q u a t io n :
X = fl3xaA/ ( a 1x a2 ) B.
w here  K i s  d e f in e d  by  e q u a t io n  A . I .  U sing  a c t i v i t y  c o e f f i c i e n t s  and  c 
c e n t r a t i o n s  i n s t e a d  o f  a c t i v i t i e s ,  one  may w r i t e :
k = V a ^ V ^ iW a :*  b-
and h e n c e  o b ta in :
K' = ^xc^/(c^xcg) B.3
T h is  new v a r i a b l e  K ' i s  known a s  t h e  e q u i l ib r iu m  r a t i o  t o  d i s t i n g u i s h  i t  
from  K th e  e q u i l ib r iu m  c o n s t a n t .  I t  in c lu d e s  t h e  in f o r m a tio n  on th e  a c ­
t i v i t y  c o e f f i c i e n t s ,  and  p e rm i ts  one  t o  s o lv e  f o r  t h e  c o n c e n t r a t i o n s . 
The K v a lu e s  a r e  o b ta in a b l e  from  therm odynam ic  d a t a ,  and  h e n ce  w h st i s  
r e q u i r e d  a r e  t h e  a c t i v i t y  c o e f f i c i e n t s .
N e u t ra l  s p e c ie s  i n  s o lu t io n  a r e  g e n e r a l l y  c lo s e  t o  i d e a l i t y ,  i . e .  t h e i r  
a c t i v i t y  c o e f f i c i e n t s  a r e  c lo s e  t o  u n i t y ,  and  a r e  t h e r e f o r e  ta k e n  t o  b e  
u n i ty  i n  t h i s  d i s s e r t a t i o n .  A common c o n v e n tio n  in  e l e c t r o c h e m is t r y  ,<s 
t o  ta k e  t h e  hy d ro g en  io n  c o n c e n t r a t io n  t o  b e  t e n  t o  t h e  pow er o f  t h e  
n e g a t iv e  pH. T h is  a l s o  im p l ie s  t h a t  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  hy ­
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d ro g en  io n  e q u a ls  o n e . H ence th e  o n ly  s p e c ie s  t h a t  one  n e e d  exam ine a re  
t h e  c h a rg e d  s p e c ie a .
N o te : T he a c t i v i t y  o f  a p u ie  s u b s ta n c e  i n  i t s  s ta n d a r d  s t a t e  i s  o n e , e . g .  
HgO, Mn(0H) 2 . The m ethod o f  M o rris  (1983) t o  c a l c u l a t e  a c t i v i t y  c o e f ­
f i c i e n t s  i n  s t r o n g  e l e c t r o l y t e s  i s  a s  f o l lo w s :
V = O .SxZCjZj B .4
-In Y j =  A 2 jH ^ /(l + BpjU*) B .5
i n  w h ich  A = Ao - &J B.6
B =  Box(A/Ao) j
Ao = Norm al s o lv e n t  c o n s ta n t .
A =  M o d if ie d  s o lv e n t  c o n s ta n t .
Bo = Norm al s o lv e n t  c o n s ta n t ,
B =  M o d if ie d  s o lv e n t  c o n s ta n t ,  
c. = Cone, o f  c h a rg e d  s p e c ie s  j . 
c. = Cone, o f  u n c h arg ed  s p e c ie s  k .
Z j = U n it  c h a rg e  o f  s p e c ie s  j .
P j = E f f e c t i v e  io n  d ia m e te r  p a ra m e te r .  A ngstrom s. 
V = S o lu t io n  io n i c  s t r e n g th .
= A c t iv i t y  c o e f f i c i e n t  o f  s p e c i e s  j .
6 = E m p ir ic a l  d i e l e c t r i c  c o n s t a n t .  (m3/k roo le ) 1
(m’ /k m o le )^
(m’ /k m o le )^
(m '/k m o le )^ /A n ^
(m3/k m o le)^ /A n g
km ole/m 3
k m o le /o 3
and  f o r  s u lp h a t e  s o lu t io n s  6 =  0 .3  M o rris  ( \ 9 8 3 ) .
The f o l lo w in g  tw o  e x p re s s io n s  g iv e  Ao and Bo f o r  w a te r  as f u n c t io n s  o f  
te m p e r a tu re .  T hey  h av e  be en  f i t t e d  t o  d a ta  from  Manov, B a te s ,  Hamer and 
A cres  a s  r e p o r t e d  by  K ortuui (1 9 6 5 ). The " g o o d n ess"  o f  f i t  c an  b e  exam ined  
in  F ig u re  9 on p a g e  93 .
Ao = 0 .4 8 8 2  + 7 .598x10  S c + 2 .948x10 " 6T c2 + 1 .1 8 5 x 1 0 "8T c3 B .9
Bo =  0 .3 2 4 1  + 1 .64 9 * 1 0 -4 Tc + 6.579x10 ‘ 7Tca + 1 .030x10*9Tc,’ B .10
w here  Tc = T  -
The io n  s i z e  p a ra m e te r s  t h a t  a r e  u se d  a r e  ;g iv e n  i n  T a b le  8 a t  th e  end o f
t h i s  a p p e n d ix .
M olecu le
0 j  p ;
| .  Ang. R e fe re n c e
to4* 2 6 1
MnNHg+ 2 *
Co2+ 2 fi 1
CoNH?+ 2 6 *
< 1 3 1
«; 2 4 1
s 2- 2 5 1
m,«o; 1 4 2
1 E a r n e r  and  Scheuerm an (1978)
2 O blad (1975)
E s t im a te d  by c o m p ar iso n  w ith  o th e r  com plexes d u e  t o  la c k  o f  d a t a .
T a b le  8 . M o le cu la r  P a r a m e te r s .
Ac PARAMETER 
So PARAMETER
5 0 . 0  7 0 . 0
T E M P E R A T U R E  ( ° C )
F ig u re  9 . D ebye-H uckle  C o n s ta n ts .
A ppendix  B
APPENDIX C LEACH EQUILIBRIUM
G iven th e  e q u i l ib r iu m  r a t i o s , t h i s  a lg o r i th m  u s e s  two n e s te d  i t e r a t i v e  
lo o p s  t o  de l s r ra ln e  th e  s o lu t io n  e q u i l i b r i a .  The t o t a l  num ber o f  v a r i a b l e s ,  
in c lu d in g  th e  c o n c e n t ra t io n s  o f  NH^, and  MnNHgSO^, i s  n in e .  As
th e s e  t h r e e  s p e c ie s  a r e  m in o r , t h e  a lg o r i th m  s t a r t s  by  a ssum ing  t h e i r  
c o n c e n t r a t io n s  a r e  z e r o .  T h is  le a v e s  s i x  unknowns to  be fo u n d . N e g le c t in g  
th e  te rm s  f o r  t h e  above s p e c ie s  i n  t h e  e q u a t io n s  d e s c r ib in g  t h e  com ponent 
b a la n c e s  ( 2 . 1 , 2 .2 )  g iv e s :
The e l e c t r o n e u t r a l i t y  e q u a t io n  r e t a i n s  t h e  te rm  f o r  t h e  m anganese  ammonia 
com plex , and t h i s  te rm  t a k e s  an  i n i t i a l  v a lu e  o f  z e r o .  The pH i s  s p e c i f i e d  
and t h e r e f o r e  t h e  hy d ro g en  io n  c o n c e n t r a t io n  i s  known. The i n i t i a l  v a lu e s  
o f  AMM and  SULPH a r e  t h e  s p e c i f i e d  v a lu e s  AMH^ , and  SULPH^,. T y p ic a l  v a lu e s  
f o r  t h e s e  s p e c i f i e d  c o n s ta n t s  a r e  in c lu d e d  i n  A ppendix J .
Now s u b s t i t u t i n g  C . l  i n t o  2 .6  g iv e s :
so 4 = (AMM/NH4 -  1 )/K 3 C .3
and  s u b s t i t u t i n g  2 .4  and C . l  i n to  0 .2  g iv e s :
Mn = (SULPH -  S04  -  AMM i- C .4
t h e r e f o r e  s u b s t i t u t i n g  C .4  i n t o  2 .3  g i v e s :
S04 = (-B  + SQRT(BZ -  4A C))/2A  C .5
w here  A =
B = 1 -  + MnNHs  -  AKh/2)
G = AMM - SU1PH - NH4
I t  i s  now p o s s ib l e  t o  s o lv e  e q u a t io n s  C ,3  and C .5  s im u lta n e o u s ly  f o r  S04 
and NH4 . T h is  i s  done i t e r a t i v e l y  u s in g  th e  N ew ton-Raphson schem e. Sub­
t r a c t i n g  C .3  from  C .5  g iv e s  a f u n c t io n  o f  NH4 t h a t  w i l l  h av e  z e r o  v a lu e  
a t  t h e  s o lu t io n  o f  th e  sy ste m .
The f u n c t i o n  i s :
f  =  <-B + SQRT(BZ -  4AC)/2A) -  (AMM/NH4 -  D /K g  C .6
The d e r i v a t i v e  i s :
f  =  K1/(2 A ) + (-2K 1B + 4 A )/ (AAxDELTA) + AMM/ (Kg C .7
W here DELTA =  SQRT(B* -  4AC).
S u c c e s s iv e ly  more a c c u r a te  v a lu e s  o f  NH4 a r e  found  from  an  i n i t i a l  gu e ss  
a c c o rd in g  t o :
'  * 4 . 1  -  " " ' h  '
Once t h e  d e s i r e d  a c c u ra c y  i n  t h e  u lu e  o f  NH4 h a s  b e en  o b ta in e d ,  th e  r e ­
m a in in g  c o n c e n t r a t io n s  a r e  e a s i l y  fo u n d : S04 from  C .3 , NH4S04 from  C . l ,  
KnS04 from  C .2  and  Mn from  2 .4 .  T h ese  a r e  t h e  m a jo r s p e c ie s  t h a t  a r e  th e n  
u se d  t o  f i n d  th e  c o n c e n t r a t io n s  o f  t h e  m ino r s p e c ie s :  NH from  2 .5 ,  
MnNHg from  2 .7  and MnNHgS04 from  2 .8 .
A ppendix C
T hese  m ino r c o n c e n t r a t io n s  a r e  u se d  t o  m od ify  t h e  t h e  t o t a l  com ponent 
c o n c e n t r a t io n s  t h a t  w ere  u se d  in  th e  above e q u a t io n s ,  t o  a c c o u n t f o r  th e  
p r e s e n c e  o f  t h e  m ino r s p e c i e s .  ,  , changes a re
and th e  new v a lu e  o f  MnNH  ^ in  t h e  e l e c t r o - n e u t r r . l i t y  e q u a t io n  2 .3 ,
The a lg o r i th m  th e n  b ra n c h e s  ba ck  t o  t h e  b e g in n in g  and r e p e a t s  th e  above 
p ro c e d u re  u n t i l  t h e  d e s i r e d  d e g re e  o f  a c c u ra c y  i s  o b ta in e d .  The two 
n e s te d  lo o p s  a r e  th u s  an in n e r  lo o p  t h a t  does t h e  N ew ton-R aphson i t e r  
a t i o n ,  and  a  lo o p  a ro u n d  t h i s  t h a t  c o n v e rg e s  t o  t h e  c o r r e c t  c o n c e n t r a t io n s  
o f  t h e  m ino r s p e c i e s .  T h ere  i s  y e t  a n o th e r  lo o p  o u ts i d e  t h e s e  tw o t h a t  
i t e r a t e s  f o r  t h e  a c t i v i t y  c o e f f i c i e n t s . The . u i t i a '  c o e f f i c i e n t s  a r e  a 
g u e ss  t o  o b ta in  t h e  e q u i l ib r iu m  r a t i o s  from  th e  e q u i l ib r iu m  c o n s t a n t s .  
The s o l u t i o n  e q u i l i b r i a  i s  d e te rm in e d  a s  above t o  g iv e  t h e  c o n c e n t r a t io n s .  
The c o n c e u t r a t i o r s  a r e  u se d  t o  f in d  b e t t e r  va luz-s o f  t h e  a c t i v i t y  c o e f ­
f i c i e n t s  a s  d e s c r ib e d  in  A ppendix B, and th e  a lg o r i th m  r e p e a ts  i t s e l f .
Once c o m p le te  c o n v e r s io n  lia s  o c c u r re d  t o  the . d e s i r e d  t o l e r a n c e s  t h e  t o t a l  
m anganese  c o n c e n t r a t io n  may be d e te rm in e d  from :
AMM = AMMj, -  WH3 - MnNHg
SULPH = SULPHp - MnNH3S04
MANt  =  Mn + MnS04 + MnNH3 + MnNH^SO^
A ppendix
APPENDIX D SULPHIDE EQUILIBRIUM
D .1  E le c tr o ly te  S p e c ie s
The a lg o r i th m  u s e d  h e i e  i s  s i m i l a r  t e  t h a t  u se d  in  A ppendix C. The d i f ­
f e r e n c e s  be tw ee n  th e  tw o m ethods l i e  i n  t h e  e q u a t io n s  t h a t  a r e  u s e d ,  and 
th e  p r e s e n c e  o f  th e  c o b a l t  sp fe c ie s . As t h e  c o n c e n t ra t io n s  o f  th e  c o b a l t  
s p e c i e '  a r e  v e ry  s m a ll (<  5 ppm ), t h e  a ssu m p tio n  i s  made t h a t  th e y  do n o t  
in f lu e n c e  th e  c o '- - e n i r a t i o n s  o f  t h e  o th e r  s p e c i e s .  The e q u a tio n s  f o r  th e  
e l e c t r o l y t e  s p e c ie s  a r e  d e r iv e d  a s  f o l lo w s :  One h a s
MAN = Mn +  MnS04 D . l
I f  'h e  p l a c e  o f  C . l ,  w here  MAN ta k e s  t h e  i n i t i a l  v a lu e  o f  MAN^, w h ich  i s  
t h e  t o t a l  c o n c a n t r s t ic n  u f  m anganese  i n  th e  le a c h  le s s  t h e  am ount o f  
s 'd lp 'i id e  added  a s  ammonium s u lp h id e .  M od ify in g  e q u a tio n  C 11 w i th  th e  
s u lp h id e  a d d i t i o n  r a t e  g iv e s :
w here  0  i -  t h e  f l o t t r a t e  o f  th e . amnionivmi s u lp h id e  a d d i t i o n ,  and th e  c o n ­
c e n t r a t i o n  o f  ammonium s u lp h id e  r e f e r s  t o  t h i s  s t r e a m . Now s u b s t i t u t i n g  
D . l  i n t o  '1 .4  g iv e s ;
- qs x (Nh 4 ) 2s
Mn = MAN/ (1  + KjXSO,,)
and  s u b s t i t u t i n g  D . l  and 3 .6  i n t o  C .2  g iv e s :
NH4 = (3ULPH - MAN + Mn -  S0^ )/(K ^ xS 0^ )
w h ic h , when s u b s t i t u t e d  to g e th e r  w ith  3 .6  i n to  3 .3  g iv e s :
A ppendix  D
= (-B  + SQRTCB2 -  6AC))/2A
w here  A = K.
1 -  ^  (MAN + Mn - SDIiPH + ZMnNHg) 
MAN * Mu - SULPH
|  I t  i s  now p o s s ib l e  t o  s o lv e  e q u a t io n s  0 .3  a n d  D .5 s im u lta n e o u s ly  f o r  Mn
and SO^. The m ethod  u se d  i s  s u c c e s s iv e  s u b s t i t u t i o n .  An i n i t i a l  g u e ss  
;• f o r  t h e  v a .'u e  o f  t h e  Mn c o n c e n t ra t io n  i s  ta k e n .  A v a lu e  f o r  30^ i s  th e n
found  from  e q u a tio n  D .5 . T h is  v a lu e  i s  s u b s t i t u t e d  i n t o  e q u a t io n  D .3  t o  
i  g iv e  a  new V -lu e  f o r  Mn. T h is  p r o c e s s  i s  r e p e a te d  u n t i l  t h e  s u c c e s s iv e
|  v a lu e s  o f  Mr. " r  SO^ d i f f e r  by l e s s  th a n  an  a p p r o p r ia te  am ount. T h is  i n -
d i c a t e s  t h a t  c o n v erg en c e  h a s  occuj. sd .
|  Once th e  d e s i r e d  a c c u ra c y  i n  t h e  v a lu e s  o f  Mn and SO^ h a s  b e e n  o b ta in e d ,
th e  r e m a in in g  c o n c e n t r a t io n s  a r e  e a s i l y  fo u n d : MnSO^ from  D . l ,  NH^SO^ from  
^  C .2  and  NM  ^ from  3 .6 .  T hese  a r e  t h e  m a jo r  s p - c i e s  t h a t  a r e  t h e n  u s e d  t o
f in d  th e  c o n c e n t r a t io n s  o f  t h e  m inor s p e c i e s :  NH3 from  3 .5 ,  MnNHg from  
#  3 .7  and  MnNHjSO^ from  3 .8
I
I  T hese  m ino r c o n c e n t r a t io n s  a r e  u s e d  t o  m o d ify  th e  t h e  t o t a l  com ponent
c o n c e n t r a t io n s ,  t h a t  w ere  u se d  in  th e  above  e q u a t io n s , t o  a c c o u n t f o r  th e  
p r e s e n c e  o f  th e  m in o r  s p e c i e s .  The ch an g e s a r e
•• MAN =  MANt  -  MnNH3 -  MnNHj D .6
SULPH =  SULPRj, -  MnNH3S04 D.7
and  th e  new v a lu e  o f  MnNH  ^ i n  th e  e l e c t r o - n e u t r a l i t y  e q u a t io n  3 .3 .
A ppendix  D
T he a lg o r i th m  th e n  fo l lo w s  th e  same p ro c e d u re  a s  t h a t  d e s c r ib e d  i n  Ap­
p e n d ix  C c o n c e rn in g  th e  le a c h  e q u i l ib r iu m , w ith  r e s p e c t  t o  t h e  co n v erg en c e  
and  t h e  a c t i v i t y  c o e f f i c i e n t s .
D .2  C o b a lt  S p e c ie s
T he a ssu m p tio n  made a t  t h e  b e g in n in g  o f  c h is  a p p en d ix  means t h a t  i t  i s  
n o t  n e c e s s a r y  t o  a c c o u n t f o r  e f f e c t s  o f  t h e  c o b a l t  c o n c e n t ra t io n s  on th e  
t o t a l  com ponent c o n c e n t r a t io n s  o r  t h e  e l e c t r o - n e u t r a l i t y  e q u a t io n .  T h is  
r e s u l t s  i n  th e  c o b a l t  c o n c e n t r a t io n s  b e in g  e a s i l y  fo u n d . P ro v id e  t h a t  b o th  
Mn"* a n d  Co^+  h av e  re a c h e d  t h e i r  s o l u b i l i t y  l i m i t s  w ith  r e s p e c t  t o  
s u lp h id e ( S 2 ) ,  i . e .  t h a t  t h e r e  i s  b o th  MnS and CoS b e in g  p r e c i p i t a t e d ,  
th e n  one  h a s :
Ksm *  Mn x S (MnS 5 Mn2+ + S2 ' )  D .8
Ksc =  Co x S (CoS s Co2*  + S2 ' )  U.9
N ote t h a t  th e  a c t i v i t i e s  o f  t h e  s o l i d  p r e c i p i t a t e s  a r e  ta k e n  t o  b e  u n i ty  
s in c e  t h e y  a r e  v i r t u a l l y  p u r e  and  in  t h e i r  s ta n d a r d  s t a t e s .
D iv id in g  D .9 by  D .8  r e s u l t s  in
Co/Mn = K sc/K so  D.LO
The c o b a l t  io n  i s  v e ry  s i m i l a r  t o  t h e  m anganese io n  so  th e  m ethod  p r e ­
d i c t i n g  th e  a c t i v i t y  c o e f f i c i e n t s  g iv e s  th e  same v a lu e  f o r  b o th  Mn2* and 
Co2* . T he a c t i v i t y  c o e f f i c i e n t  o f  t h e  s u lp h id e  s p e c ie s  a p p e a rs  i n  b o th  
th e  K sc and th e  Ksm e q u i l ib r iu m  r a t i o s .  T h e re fo re  i t  i s  n o t  n e c e s s a r y  to  
u s e  t h e  e q u i l ib r iu m  r a t i o s  i n  e q u a t io n  D .1 0 , in s t e a d  th e  e q u i l ib r iu m  
c o n s ta n t s  can b e  u s e d .
A ppendix  D
Once t h e  Co2*  c o n c e n t r a t io n  h a s  be en  found  u s in g  e q u a tio n  D .10  th e  o th e r  
c o b a l t  s p e c ie s  c an  b e  found  th u s :  CoSO^ from  e q u a tio n  3 .1 1 ,  CoNH^ from  
e q u a t io n  3 .1 2  and CoNH^SO^ from  e q u a tio n  3 .1 3 .
A ppendix  0
APPENDIX E CELL FEED EQUILIBRIUM
The s p e c ie s  and g o v e rn in g  e q u a tio n s  f o r  t h i s  c a l c u l a t i o n  a r e  p r e s e n te d  
i n  S e c t io n  4 .3 ,  The d e te r m in a t io n  o f  th e  e q u i l i b r i a  i n  t h e  f e e d  s tr e a m  
o f  t h e  c e l l  h ouse  i s  an  e a s i e r  c a l c u l a t i o n  th a n  in  th e  le a c h  o r  i n  t h e  
s u lp h id e  s e c t i o n  b e c a u se  e q u i l ib r iu m  r a t i o s  a r e  a v a i l a b l e  in s t e a d  o f  
c o n s t a n t s ,  and th e  num ber o f  s p e c ie s  i s  s m a l le r .  I n  f a c t  no i t e r a t i v e  
p r o c e d u re s  need  b e  a d o p te d  a t  a l l .
S u b s t i t u t i n g  e q u a t io n  4 .6  i n to  4 .6  g iv e s :
Mn = (H x MANT) /( tf f l4  * (Kc + H /N iy )  E . l
The pH, and  h e n ce  th e  hy d ro g en  io n  c o n c e n t r a t io n ,  i s  known. The ammonium 
io n  c o n c e n t r a t io n  i s  found  from  e q u a tio n  4 .7 ,  t h e  m anganese co n ce n ­
t r a t i o n  Mn I s  found  from  E . l ,  th e n  MnNH  ^ i s  found  from  4 .6  and NH^ i s  found  
from  4 .9 .
A ppendix  E
APPENDIX F CELL ANOLYTE EQUILIBRIUM
T he s p e c ie s  and g o v e rn in g  e q u a tio n s  f o r  t h i s  c a l c u l a t i o n  a re  p r e s e n te d  
i n  S e c t io n  4 ,4 .  A new r e a c t i o n  i s  in tr o d u c e d  a t  t h e  low pH in  t t i e  a n o ly te .  
I t  i s  t h e  e q u i l ib r iu m  b e tw een  s u lp h a te  and  b i - s u lp h a t e .  No f r e e  ammonia 
s p e c ie s  a r e  p r e s e n t  i n  s o lu t io n  b e c a u se  o f  t h e  h ig h  a c i d i t y .  The h yd rogen  
io n  c o n c e n t r a t io n  i s  s i g n i f i c a n t  and m ust b e  in c lu d e d  i n  th e  
e l e c t r o - n e u t r a l i t y  e q u a t io n .
S u b s t i t u t i n g  4 .1 0 ,  4 .1 1  and  4 .1 2  i n t o  4 .1 3  and  s o lv in g  f o r  SO^ g i v e s : 
S04  = SMAHj. + H + AKttj, -  SULPJ^ F . l
S u b s t i t u t i n g  F . l  back  in to  4 .1 2  r e s u l t s  i n :
HS04 = ZSULPHj. -  MANt  -  H -  AHMj T .2
S u b s t i t u t i n g  F . l  end F .2  i n t o  4 .1 4  g iv e s  a  q u a d r a t i c  i n  H w h ich  s o lv e s
H =  (-U  +  SQRT(U2 + 4 V )) /2  F .3
w here  0  =  IMARj, + AMHp -  SULPHp + Kh
V = (2SULPHJ. - 2MANX - x Kh
Once R has b e en  d e te rm in e "  from  F .3  i t  i s  e a sy  to  g e t  S0^ from  F . l  and 
HSO^ from  4 .1 2 ,  s in c e  Mn and NH^ a r e  o b ta in e d  from  e q u a tio n s  4 .1 0  and  4 .1 1  
d i r e c t l y .
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APPENDIX G DIAPHRAGM FLUXES
G .1  G e n e ra l  E q u a tio n
B ryson  and  L aw rence  (1980) have  d e v e lo p e d  an e q u a t io n  g iv in g  th e  f l u x  o f  
a  s p e c ie s  th ro u g h  th e  d iap h rag m  o f  a c h l o r - a l k a l i  c e l l .  T h is  e q u a t io n  may 
b e  u se d  f o r  t h e  s i m i l a r  s i t u a t i o n  found  in  t h e  m anganese e le c tr o w in n in g  
c e l l .  T h e re  i s  v e ry  l i t t l e  daCfi a v a i l a b l e  i n  t h e  m anganese c a s e  so  t h e  
i n t e r a c t i v e  e f f e c t  in c lu d e d  i n  t h e  c h l o r - a l - a l i  c e l l  i s  d ro p p ed  and th e  
i n t e r a c t i o n  i- r ' assum ed z e r o .  The d i f f u s i o n  c o e f f i c i e n t s  a re
d e te rm in e d  f r o r  . H ence t h e  m ass f lo w r a te  o f  s p e c ie s  j  ( k m o le /s )
th ro u g h  th e  d iap< u  d i s t a n c e  x  from  th e  c a th o ly t e  can  b e  e x p re s se d
W. = QmC .( x )  -  I F B .z ,C , (x )/RTk -  e A D .S -c .C x )
w here  K = Ave rage conductS atce  o f  t h e  s o l u t i o n .  mhos/m
= F ic w r a te  th ro u g h  membrane. m3/ s
C, = G one, o f  s p e c ie s  j  a t  x  i n  m em brace. km ole/m 1
I  = C u r r e n t .  amps
F  =  F a r a d a y ’ s c o n s ta n t  96500. c o u l/m o le
= A rea  o f  f lo w  th ro u g h  membrane. ro2
Dj =  D if f u s io n  c o e f i! i - - ie n t  s p e c ie s  j .  mz / s
E =  Gas c o n s ta n t  8 .3 1 4 , J /(m o le .K )
T = T em p era tu re . 0 K
s =  V o idage.
Zj = U n it c h a rg e  on s p e c ie s  ,1. 
d  = T h ic k n e s s  o f  membrane. m
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I n t e g r a t i n g  G .l  w i th  bo u n d a rv  c o n d i t io n s :
C.(0) =" Yj ; Cj(d) - 2^  
r e s u l t s  i n  t h e  e q u a t io n :
Wj =  -a^ D j{Z j -  Y je x p (-e jd /E A nl)> /C l - expC -o ijd /sA ^)) G.2
« . -  U F s y i m * )  -  CQjn/Dj)
G .2  H y d ro g e n  F iu x
The h y d r^q e n  io n  c o n c e n t r a t io n  in  t h e  anode com partm ent h a s  be en  fo u n d , 
so  t a k e s  t h i s  v a lu e .  The pH in  t h e  c a th o d e  com partm ent i s  i n  t h e  r e g io n  
o f  8 so  t h e  hy d ro g en  io n  c o n c e n t r a t io n ,  Z ^, may b e  ta k e n  as a e r o .  E q u a t io n
G .2  becom es:
eh " “hDtV tal><Vi/' 4.i) '  11 6'3
G .3  A m m onium  F lu x
I n  t h i s  c a s e  th e  ammonium c o n c e n t r a t io n  i n  t h e  anode com partm ent h a s  be en  
d e te rm in e d , b u t  th e  c o n c e n t r a t io n  i n  th e  c a th o d e  com partm ent n o t  known
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and  i s  n o t  i n s i g n i f i c a n t .  From m ass b a la n c e  c o n s id e r a t i o n s  a round  th e  
anode  com partm en t i t  can  b e  s e e n  t h a t  th e  ammonium f lu x  th ro u g h  th e  
d iap h rag m  i s  i n  t h e  o p p o s i t e  d i r e c t i o n  to  t h e  hy d ro g en  f l u x ,  and i s  e q u a l 
t o  t h e  f l u x  o f  ammonium o u t  o f  th e  anode com partm ent i n  t h e  e x i t  s t r e a m ; 
t h i s  i s  a  known v a lu e , T h e re fo re  u s in g  Y and  V ,  one c an  c a l c u l a t e  Z . 
T h is  i s  t h e  t o t a l  c o n c e n t r a t io n  o f  ammonia and ammonium i n  t h e  c a th o d e  
c o m partm en t, s in c e  t h e  ammonia s p e c ie s  a r e  assum ed t o  r e a c t  w i th  hy d ro g en  
io n s  t o  form  ammonium a t  th e  s u r f a c e  o f  t h e  d iap h rag m  (x = d ) . The e q u a tio n  
f o r  t h e  t o t a l  ammonia c o n c e n t r a t io n  i s  th e n :
2 =  Y ex p (o  d /eA  ) + W { e x p (a  d /eA  ) -  D / e  D
The f lu x  W„ i s :
I
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APPENDIX H CATHOLYTE DETERMINATION
H .I  S o lu tio n  C h e m is t ry
To c a l c u l a t e  c o n d i t io n s  i n  t h e  c a th o ly t e  t h e  f o l lo w in g  v a lu e s  a r e  u se d :
I .  The t o t a l  m anganese c o n c e n t r a t io n  i n  t h e  c a th o ly t e .  T h is  i s  th e  seme 
a s  i n  t h e  a n o ly te .
2 . T he t o t a l  ammonia c o n c e n t r a t io n  w hich  i s  found  from  th e  f lu x  
e q u a t io n s ,
3 . The f l u x  o f  hy d ro g en  io n s  i n to  t h e  c a th o d e  com partm ent th ro u g h  th e  
d ia p h ra g m . T h is  i s  a l s o  d e te rm in e d  from  th e  f lu x  e q u a t io n s ,
4 . The f lu x  o f  f r e e  ammonia f lo w in g  i n t o  t h e  c a th o d e  com partm ent w ith  
t h e  f e e d  s tr e a m . T h is  i s  o b ta in e d  by  m u lt ip ly in g  th e  t o t a l  f r e e  am­
m onia  c o n c e n t r a t io n  by th e  f lo w r a te .
T ak in g  th e  e q u a t io n s  l i s t e d  i n  S e c t io n  4 .6  one may m a n ip u la te  them  to
S u b s t i t u t i n g  e q u a t io n s  4 .1 8  and 4 .1 9  in to  4 .1 6  r e s u l t s  i n :
AMHj. = NH4x ( l  4- 1/HxKa + KexMn/H) H .I
S u b s t i t u t i n g  4 .1 8  i n to  4 .1 7 ,  and  th e n  s u b s t i t u t i n g  H .I  i n t o  t h e  r e s u l t i n g
e q u a t io n  p ro d u c e s :
MANt  = Mn + MnxAMMr /(H /K c  + 1/KeXc + Mn) H.2
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L e t t i n g  XX = H/Kc and  YY = 1/KaKc and s '  '  : in g  f o r  Mn in  H .2 g iv e s :
Mn = {-B +  SQRT(BZ + 4MANTx(XX + Y Y ))> /2  K .3
w here  B = XX +  YY + -  MAN^
The Mn^"1" c o n c e n t r a t io n  i s  th e n  e x p l i c i t l y  found  from  e q u a tio n  H .3 . The 
o th e r  c o n c e n t r a t io n s  c an  b e  found  a s  f o l lo w s :  MnNH3 from  4 .1 7 ,  NH^ from  
4 .1 8  and  NH^ from  4 .1 9  p r o v id e d  th e  pH i s  known.
H .2  pH  D e te rm in a tio n
The pH i s  d e te rm in e d  by  b a la n c in g  th e  r a t e  o f  h yd rogen  e v o lu t io n ,  w hich 
i s  d e p en d a n t on th e  pH, w ith  th e  n e t  .-a te  o f  h y d rogen  f lu x  o n to  th e  
c a th o d e  c om partm en t, T h is  id e a  i s  more f u l l y  exam ined in  S e c t io n  4 .6 .
E q u a t io n  H .3  h a s  Mn a s  a  f u n c t io n  o f  t h e  hy d ro g en  io n  c o n c e n t r a t io n  o n ly . 
T ak in g  th e  d e r i v a t i v e  o f  t h i s  f u n c t io n  r e s u l t s  i n  th e  e q u a t io n :
=  [ -1 /K c  4  i{ B 4 4  AMANpOK 4  YY)}"* * DUMJ/2 H .4
w here  BUM = 2B/Kc 4  AHAN^/Kc
A h y d ro g en  io n  b a la n c e  i s  now p e rfo rm ed  o v e r  t h e  c a th o d e  com partm en t, 
n o t in g  t h a t  a t  s te a d y  s t a t e  t h e r e  can  b e  no a c c u m u la t io n  o f  hy d ro g en  io n s  
i n  t h e  c om partm en t. W ith  r e f e r e n c e  t o  th e  d i s c u s s io n  g iv e n  i n  S e c t io n  4 .6  
one  o b ta in s :
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and f o r  s te a d y  s t a t e  t h e r e  m ust b e :
H net = H prod H .6
H prod i s  th e  p r o d u c tio n  r a t e  o f  h yd rogen  g a s ,  and H net and  H prod a r e  in  
k r a o l t /s  p e r  c e l l .  They r e f e r  t o  in d iv i d u a l  a tom s o r  io n s .
* »  t b .  ^  t .  t h .  r m .  o (
d u c t io u  H prod by :
= 1 -  BBxHprod H .?
w here  BB = 9 .6 5 x l0 7/ l  s /k in o le
H prod i s  t t a  r a t e  o f  h yd rogen  p r o d u c tio n  a t  t h e  c a th o d e  and r e f e r s  t o  
hy d ro g en  a tom s n o t  m o le c u le s .  S u b s t i t u t i n g  H .7 i n t o  <-.21 and  r e a r r a n g in g  
p ro d u c e s :
H prvd = [2 -  AA/fAA + ( 1 +  CC/Mn)xH/Hn)j/BB H .6
w here  CC = C2 x Co^, from  4 .2 2
and M  =  1 /(C 1 xJ2 xJ 3) from  4 .2 1
I t  i s  n e c e s s a r y  t o  know how H prod v a r i e s  w ith  t h e  hy d ro g en  io n  co n ce n ­
t r a t i o n .  E q u a tio n  H .8 a c t u a l l y  shows H prod a s  a  f u n c t io n  o f  H o n ly  s in c e  
th e  m anganese  c o n c e n t r a t io n  Mn i s  a  f u n c t i o n  oe H o n ly  v i a  e q u a t io n  H .3 .
T ak in g  th e  d e r iv a t iv e  o f  H .8 w ith  r e s p e c t  t o  H g iv e s :
' ^ ° d "  AAX^ 1 + CC/Mn)x(Mn -  H ^ J / M n 2 + H /M nx(l - CC/Mn)}/DOM
. . .H .9
w here  DUM «= BBx{AA + (1 + CC/MnjxH/Mn)1 
and 0 "  i s  o b ta in e d  from  e q u a tio n  H .4 .
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T ak in g  e q u a tio n  H .6  and w r i t i n g  b o th  te rm s  on th e  same s i d e  g iv e s  a 
f u n c t i o n  o f  pH t h a t  m ust h av e  z e r o  v a lu e  when th e  l e f t  h and  s id e  o f  H .6  
e q u a ls  t h e  l e f t .  T h is  f u n c t io n  i s  th e n  u se d  i n  t h e  N ew tm -R aphson  t o  f i n d  
th e  c s t h o l y t e  pH. The f u n c t io n  i s :
F(pH ) = H prod - H net H .10
H flu x  i s  n o t  in f lu e n c e d  by  th e  c o n d i t io n s  i n  th e  c a th o ly t e ,  t h e r e f o r e  from  
e q u a tio n  H .5  i t  c a b e  c«ten t h a t  H n et i s  noc  a  f u n c t io n  of t h e  pH i n  th e  
c a th o ly t e .  I t  i s  a  c o r s t a n t  a s  fo.r a s  c o n d i t io n s  i n  th e  c a th o d e  c o m p ar t­
m ent a r e  c o n c e rn e d . The d e r iv a t iv e  o f  e q u a t io n  H .5  i s  th e n :
»  g ,  .  - l a l O . . - ' " " -  ^
The N ew ton-R aphson schfime becom es:
pHi+ 1  = -  (F (p H )/F , (p H ))i  H. 13
A s u i t a b l e  i n i t i a l  g u e s s  i s  ta k e n  t o  s t a r t  t h e  i t e r a t i o n ,  w h ich  c o n tin u e s  
u n t i l  t h e  v a lu e s  f o r  t h e  pH c o n v erg e  t o  t h e  ch o sen  to l e r a n c e .  The f i n a l  
v a lu e  i s  th e n  ta k e n  a s  t h e  pH o f  t h e  c a th o ly t e .  T h is  v a lu e  e n a b le s  a l l  
t h e  c o n c e n t r a t io n s  i n  t h e  c a th o d e  com partm ent t o  b e  c a l c u l a t e d ;  Mn from
H .3 and  th e n  th e  o th e r  s p e c ie s  from  e q u a tio n ^  4 .1 5  to  4 .2 0 .  The c a th o d e  
c u r r e n t  e f f i c i e n c y  i s  th a n  c a l c u l a t e d  from  e q u a tio n  4 .2 1 .  N ote  t h e  d i s ­
c u s s io n  tn  S e c t io n  4 .7 ,  t h i s  v a lu e  ne ed  n o t  b e  e x a c t ly  t h e  same a s  th e  
v a lu e  a l r e a d y  u se d .
A ppendix  H
APPENDIX I COSTING
T he c o s t s  t h a t  a r e  u s e d  i n  t h e  m odel t o  o b ta in  a f i n a n c i a l  v a lu e  t h a t  c an  
b e  u se d  f o r  c o m p ariso n s in c lu d e
1 . Ammonia a s  NH  ^ a t  R96 p e r  to n .
2 . S u lp h a te  a s  s u lp h u r i c  a c id  a t  R92 p - r  to n  c f  c o n c e n t ra te d  a c id .
3 . M anganese i n  t h e  r e d u c e d  o r e  from  th e  c a l c i n e r  . s o s r e d  a t  a  rs „e o f  
R216 p e r  t o n  o f  pure- m anganese.
4 . Pow er, w hich  i s  c o s te d  a t  2 c e n ts  p e r  k i l o w a t t  h o u r .
T he re v e n u e  f o r  t h e  p l a n t  i s  o b ta in e d  from  th e  s a l e  o f  th e  e l e c t r o l y t i c  
m anganese  on th e  w o rld  m a rk e t.  A r e p r e s e n ta t i v e  c o s t  o f  R1500 p a r  t o n  o f  
m anganese  i s  ta k e n .
A p r o f i t  v a lu e  i s  ob ti, Ined  by s u b t r a c t in g  th e  fo u r  c o s t s  from  th e  re v e n u e . 
T h is  g iv e s  u n i t s  o f  R /h r .  I f  t h i s  v a lu e  i s  again , d iv id e d  by  th e  a p p ro ­
p r i a t e  m anganese p r o d u c tio n  r a t e ,  a  p r o f i t  v a lu e  i n  u n i t s  o f  R / to n  Mn i s  
o b ta in e d .  I n  a r r i v i n g  a t  th e  above two v a lu e s  no f i x e d  c o s t s ,  o r  v a r i a b l e  
c o s t s  n o t  d i r e c t l y  r e l a t e d  t o  th e  p r o d u c t io n ,  a r e  u s e d  a s  t h e  in fo rm  '. t io n  
i s  n o t  a v a i l a b l e .
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APPENDIX J MODEL VARIABLES AND PARAMETERS
A p a r t from  th e  e q u i l ib r iu m  c o n s ta n t s  and r a t i o s  w h ich  a r e  d e a l t  w ith  i n  
A ppend ix  A, t h e r e  a r e  tw o k in d s  o f  num bers Chat a r e  im p o r ta n t i n  th e  
m oda l. The f i r s t  k in d  a re  v a lu e s  su c h  a s  f l o w r a t e s ,  t o t a l  c o n c e n t r a t io n s ,  
a r e a s  and  te m p e r a tu re s .  T hey a r e  t h e  m odel v a r i a b l e s  t h a t  may b e  changed  
a t  w i l l  by  t h e  u s e r ,  even  th o u g h  i t  may b e  im p o s s ib le  t o  do th e  same on 
th e  p l a n t .  The se co n d  k in d  a r e  th e  m odel p a ra m e te r s .  T hese  v a lu e s  have 
be en  c h o se n  t o  a c h ie v e  ag re em e n t b e tw ee n  th e  mode'1 and th e  p l a n t ,  and may 
n o t  b e  c hanged . They in c lu d e  v a r io u s  d i f f u s i o n  c o n s t a n t s .  T y p ic a l  v a r i ­
a b le s  a r e  t a b l e d  in  T ab le  10 , and th e  p a ra m e te r s  a r e  t a b l e d  i n  T a b le  9 ,
P a ra m e te r a u t .
H+ D if f u s io n HD IFF 1 . 16x 10"* m1/ s
D if f u s io n AD IFF 6 . lO xlO -10 m2/ s
Hg E v o lu t io n  c o n s t . CONST
I m p u r i ty  E f f e c t  c o n s t . CQNST2
T a b le  9 . Model P a r a m e te rs .
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V a r ia b le
F lo w ra te QFEED 160 ■ • / h r
Ammonium s u lp h a t e  conc. At’SLPH kg/m 3
M anganese conc. MANGAN kg/m 3
A ram-Sulphide a d d i t io n NH42SQ
C u rre n t amps
pH C e l l  F eed PKF
pH L each  Tank PHLCH
pH S u lp h id e  Tank PHSUL
femp. o f  Cathalyte TCC °C
Temp, o f  L each TCLCH °C
Temp, o f  S u lp h id e TCSUL cC
No. o f  C e l l s GELLNO
C athode  A rea CAREA m4
D iaphragm  A rea DAREA 8 8 .4 m*
D iaphragm  T h ic k n e ss DTHICK 1 .3 /x lO * 3 m
D iaphragm  V o idage
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APPENDIX K AMMONIA GAS-LIQUID EQUILIBRIUM
The h y d ro g en  gas e v o lv in g  a t  t h e  c a th o d e  i s  ta k e n  t o  bo s a tu r a t e d  w ith  
ammonia g a s .  I f  t h e  a ssu m p tio n  i s  made t h a t  H e n ry 's  Law a p p l ie s  th e n  th e  
f o l lo w in g  e q u a tio n  i s  a p p l ic a b le :
y  = Ky x [ T o ta l  ammonia c o n c .]  K . l
P e rc y  and  C h i l to n  (1973) g iv e  v a lu e s  o f  p a r t i a l  p r e s s u r e  f o r  ammonia i n  
a i r  a t  40°C above s o lu t io n s  o f  ammonia in  w a te r .  T ab le  11 below  was draw n 
up from  t h i s  d a t a .  I t  show s v a lu e s  o f  a t  v a r io u s  c o n c e n t ra t io n s  from  
w h ich  an  a v e ra g e  v a lu e  i s  c a l c u l a t e d ,
The H e n ry 's  Law c o n s ta n t  i s  t h u s :
Ky = 0 .0367  mJ /km ole
w/lOOw " ,
km ole/m 3 mmHg,40t,C mV kmole
0 .656 1 8 .3 0 .0366
Q.P71 0.0367
1 .0 8 0 .0361
1 .35 0 .049 0 .0363
0 .059 0 .0366
6 0 .a 0 .080 0 . , , , ,
T a b le  11. H e n ry 's  Law C o n s ta n t f o r  Ammonia.
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APPENDIX L PROGRAM LISTING OF COMPLEX ALGORITHM
C THIS PROGRAM APPLIES THE SIMPLEX METHOD OF NELDER AND MEAD 
C (COMPUTER J .  (1965) VOL.7 , P .308 ) TO A USER DEFINED OBJECTIVE 
C FUNCTION OF NVAR NUMBER OF VARIABLES.
C THE FUNCTION SUBPROGRAM MUST HAVE THE FOLLOWING FORM:
C FUNCTION OBJECT(NVAR, X, NFEVAL)
C IMPLICIT RKAL*6 (A -3)
C INTEGER NVAR.NFEVAL
C DIMENSION X (10)
C NFEVAM'JFEVAIH-l
C IF  (NFEVAL.GT.200) STOP




INTEGER I , J , I I aJJ,K,M,H,L,NVAR,NPOINT,NFEVAL 
DIMENSION X(15.15),FVA LU E(15),X P0IN T(15),XCENT(15),XREFL(15) 
C,XEXPA( I S ) , XCONTR( 1 5 ) .UPPER( 1 5 ) ,LOWER( 1 5 ) ,V(15)
NFEVAL=1
C THE FOLLOWING CONSTANT IS  THE REFLECTION COEFFICIENT
C THE NUMBER OF VARIABLES IS  NVAR, AND THE NUMBER OF POINTS 











UPB"S(4)*l.10D O  
LOWLR(5;=0.90D0 
UPPER(5)=1. 10D0
C THE ALGORITHM REQUIRES NVAR+l^K INITIAL POINTS, IN THE SHAPE OF 
C A SIMPLEX TO START. THE VARIABLES ARE SCALED AND THE INITIAL 
C POINTS ARE GENERATED WITHIN STEP OF THE POINT ALL X 'S=1 IN 
C THE DIRECTIONS OF THE MAJOR AXES. CONVERGENCE MAY BE AFFECTED 
C BY THE ORIENTATION OF THE INITIAL SIMPLEX.
C THE NVAR+1 POINTS ARE STORED ROW BY ROW IN THE POSITION MATRIX. 
DO 15 J=1,NVAR 
X (1 ,J )= 1  
15 CONTINUE
DO 25 1 = 2 ,NPOINT





DO 40 I=l,NPOINT 
DO 30 J=1,NVAR 




32 I F  (FV 4L O B (I).L T .10) W E N
IF  (COUNT.GT.30) THEN
WRITE ( 2 ,* )  'CSNTFOID OF REMAINING POINTS IS NOT FEASIBLE.’
COUNT=CO(JNT+l 
DO 35 JJ=1,NVAR 
XCENT(JJ)=:0
DO 34 11= 1 ,M
XCEN T(JJ)=XCENT(JJ)+X(II, J J )
34 CONTINUE
XCENT(JJ)=XCENT(JJ)/ ( I -1 )
35 CONTINUE
DO 37 JJ=1,NVAR 
X (I ,J J )= (X C E N T (JJ )+ X (I ,J J ) ) /2  





C THIS IS  THE STARTING POINT OF THE ITERATION PRCEDURE. THE MAXIMUM 
C AND MINIMUM FUNCTION VALUES ARE FOUND TOGETHER WITH THEIR CORRE- 
C SPQNDING POINTS IN THE POSITION MATRIX.
FMAX=FVALUE(1)
FMIN=FVALUE(1 )
DO 45 I=l,N PO INT 
IF  (FVALUE(I ) . LT.FMIN) THEN 
FMIN=FVALUE(I)
ELSE IF  (FVALUE(I).GT.FMAX) THEN 
FMAX—FVALUE (I)
45 CONTINUE
C CHECK FOR CONVERGENCE, STOP IF  DIFFERENCE BETWEEN LOWEST AND HIGHEST 
C FUNCTION EVALUATIONS DIFFER BY LESS THAN 0 .0 0 1  
IF  (DABS(FVALUE(H)-FVALUE(L)).LT.ID-3) THEN 
DO 47 I=1,NVAR 
V (I)= X (H ,I)* V (I)
47 CONTINUE
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WRITE (1,7) (X(H,J),V(J), J=1, N V A K , FVALUE (H)
C WRITE ( 1 , 7 ' <X (H ,J), J=1,NVAR),FVA1.UE(H)
7 F O R M A T (( lX ,m .6 ,1 0 X ,F 1 2 .6 ))
C THE CENTROID OF THE NVAK POINTS EXCLUDING THE POINT OF LOWEST 








C THE REFLECTION OF THE LOWEST POINT ABOUT THE CENTROID AND ITS 
C VALUE IS  FOUND.
DO 70 J=1,NVAR
XP0IN T(J)=X CEN T(J)*(1+A )-X (L,J)*A  
IF  (XPOINT(J ) . LT. LOWER(J ) ) XP0INT(J)=L0W ER(J)+lD-9 
I F  (XPOINT(J ) . GT. UPPER( J ) )  XPOINT(J)sUPPER(J)- ID -9 
70 CONTINUE
C WRITE ( 2 ,* )  ’R1
FREFL=OBJECT(NVAB,XPOINT,MPBVAL)
72 IF  (FREFL.LT.10) THEN
DO 75 JJ=a,NVAR 
C CHANGE XCENT(JJ) TO X (L ,JJ )
C X P0IN T(JJ)=(X PCIN T(JJ)+X C EN T(JJ))/2
X P O IN T (JJ)= (2*X P O IN T (JJ)*X (L ,JJ))/3  
75 CONTINUE
C WRITE (3,*) 'RX'
FREFL=OBJECT(NVAR,XPOINT,NFEVAL)
GO TO 72
C IF  THE REFLECTION IS  BETTER THAN THE WORST POINT BY A SIGNIFICANT 
C DECREE THEN REPLACE IT  WITH THE REFLECTION.
IF  ( (FRBFL-FVALUE(L)) . G T .( 0 .01D0*(FVALUE(H)-FVALUE(L)) ) )  THEN 
DO 140 J=1,NVAR 




C SINCE THE REFLECTION POINT IS  NOT GOOD WE FIND A CONTRACTION POINT 
0 IN THE DIRECTION OF THE CENTROID POINT.
145 DO 150 J=1,NVAR
X P0IN T (J)= (X (L ,J)+X C E N T (J))/2  
150 CONTINUE 
C WRITE ( 2 V.)  ’C’
FCONTR=OBJECT(NVAR.XPOINT,NFEVAL)
152 IF  (FCONTR.LT.IO) THEN 
DO 155 JJ=1,NVAR 
C CHANGE XCENT(JJ) TO X (L ,JJ )
C XPOINT(JJ)=(XPOINT(JJ)+XCENT(J.T
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X P O IO T (JJ)= (X P O IN T (JJ)+ X (L ,JJ))/2  
155 CONTINUE 
C WRITE ( 2 ,* )  'CX'
FCONTR=OBJECT(NVAR,XPOINT,NFEVAL)
GO TO 152
G IF  THE CONTRACTION IS  STILL WORSE THAN THE WORST POINT WE CONTRACT 
C THE ENTIRE SIMPLEX CLOSER TO THE BEST POINT AND REPEAT THE ITERATION. 
IF  ( (FCONTR-FVALUB(L)) . LE. ( ID-2*(FVALUE(H)-FVALUE(L)) ) )  THEN 
DO 170 I=l,NFOINT 
DO 160 J=1,NVAR 
X ( I , J ) » ( X ( I ,J ) + X ( H ,J ) ) /2  
X P O IN T (J> X (I,J j 
160 CONTINUE 
C WRITE ( 2 ,* )  ’B'
FVALUE(I)=OBJECT(NVAR,XPOINT,NFEVAL)
162 IF  (FV A LUE(I).LT.10) THEN 
DO 164 JJ=1,NVAR 
X ( I ,J J ) = ( X ( I ,J J ) + X ( H ,J J ) ) /2  
X PO IN T (JJ)= X (I,JJ)
164 CONTINUE 





C ELSE IF  THE CONTRACTION IS  BETTER THAN THE WORST POINT TH2N REPLACE 
C IT  WITH THE CONTRACTION POINT AND REPEAT THE ITERATION.
DO 190 J = 1 , NVAR 
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APPENDIX M BASIC LISTING O F THE MODEL
! THIS PROGRAM MODELS THE PERFORMANCE OF THE SOLUTION CIRCUIT OF A 
I MANGANESE ELECTROWINNING PLANT. IT  INCLUDES A SUBROUTINE THAT AP- 
! PROXIMATES THE COSTS INVOLVED IN THE OPERATION TO ESTABLISH A 
1 BASIS OF COMPARISON FOR THE PLANT.
! SECTION LOCATION TABLE:
I SECTION: LINE NO:
I INTRODUCTION & LINE NUMBERING ..................................................  lOOOO
! MAJOR VARIABLES, UNITS, MOLAR MASSES .................................  10330
1 CONTROL OF DATA RETRIEVAL/SELECTION ....................................  12000
I SUBROUTINES TO CHANGE VARIABLES .............................................  16100
I CONTROL OF CALCULATION SUBROUTINES ......................................  20000
! DATA STORAGE, PROGRAM END ............................................................ 20640
I CELLROUSE SUBROUTINE ........................................................................ 22000
! SULPHIDE SUBROUTINE .......................................................................... 25000
! LEACH SUBROUTINE ................................................................................. 28000
I COSTS SUBROUTINE .................................................................................  30000
I LEACH EFFICIENCY SUBROUTINE ....................................................... 31000
I EQUILIBRIUM CONSTANTS SUBROUTINE ...........................................  32000
! EQUILIBRIUM RATIOS SUBROUTINE ..................................................  33000
I ACTIVITY CO-EFFICIENTS SUBROUTINE ......................................... 34000
! LSACH PRINT SUBROUTINE ...................................................................  35000
I SULPHIDE PRINT SUBROUTINE ............................................................ 36000
I VARIABLES PRINT SUBROUTINE .........................................................  37000
I CELLROUSE PRINT SUBROUTINE .........................................................  36000
I Cl \ i  PRINT SUBROUTINE ................................................................... 39000
! VARIABLES RELATED TO COMPLETE PLANT.
! QFEED = TOTAL SOLUTION FLOWU.TE IN PLANT 
1 AMMONIA = TOTAL AMM. CONC. IN i.OLUTION 
I SULPHATE = TOTAL SULPHATE CONC rN SOLUTION 
! MNFERD = TOTAL MN IN ORE PEE.’- 71, LEACH
I MNPRT = TOTAL MN PRODUCTION
I MOPRT = TOTAL MN DIOXIDE PX 'ACTION
I NH3CLT = TOTAL NH3 LOSS FRC ' . '■ CELLS




= CATHODE CURRENT F ./T li.1 ■ 
=  INITIAL VALUE CAT'1 C 
=  TEMPERATURE OF CEj • •• ■' 
=  PH OF CELL HOUSE 
= NO OF CELLS IN CEi L !i< i 
= CATHODE PLATE AREA
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! DTHICK 
! AMMCEX kmole/m3
= DIAPHRAGM AREA 
= VOIDAGE OF MEMBRANE 
= THICKNESS OF DIAPHRAGM 
= TOTAL AMM. CON. CELL HC” SB EXIT 
= VOLT DROP PER CELL 
! I  = TOTAL CURRENT SUPPLIED TO CELLS
I PARAMETERS OF THE CELL HOUSE.
I HDIFF = PARAMETER- H+ DIFF. CO-EFF,
t ADIFF = PARAMETER- NH4+ D IFF. CO-EPF.
! CONST = CONSTANT IN CURR. EFF. EQUATION
I C0NST2 =  CONSTANT IN IMPURITY EFFECT EQUATION
! VARIABLES OF THE LEACH TANKS.
I PHLCH = . IN LEACH EXIT
I TKLCH = TEMPERATURE IN LEACH TANKS k
! VARIABLES OF THE SULPHIDE PRECIP. TANKS.
! NH42S = ADD. RATE OF (NH4)2S IN SULPHIDE PRECIP. k m o le /h r
! TKSUL = TEMPERATURE IN SULPHIDE PRECIP. TANKS k
I PHSUL "  PH IN SULPHIDE PRECIP. TANKS
1 OTHER PARAMETERS INCLUDE THE EQUILIBRIUM CONSTANTS AND RATIOS.
1 THESE AFFECT THE SOLUTION EQUILIBRIA, AND ASF. PRESENTED IN THE 
I SUBROUTINES KRATIO AND KCONSTANT.
I MOLAR MASSES USED IN MODEL.
= 96.0C0
! NH40H





12020 PRINTER IS  704
12030 DISP "DO YOU WISH TO RON THE STANDARD SET OF OPERATING CONDITIONS,' 
12040 DISP "OR THE SET LAST USED?"
12050 DISP "ENTER S/L"
12060 CONDITIONS:
12070 INPUT X?
12000 IF  X$ <> "S"  AND X$ <> "L" THEN GOTO CONDITIONS 
1 2 0 0  IF  X$«"S" THEN ASSIGN# 1 TO "NEWS-DATA"
12100 IF  X$="L" THEN ASSIGN# 1 TO "NEWL-DATA"
12120 READ# I ; EFFG,TCC, PHF, QFE2D, I , HDIFF, ADIFF, CELLNO, CAREA, DAREA 
12130 READ# 1 ; CONST,C0NST2,DTHICK,VOID,PHLCH,TCLCH,AMMSULPHATE.MANGAN
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12140 READ# 1 ; NH42SQ,TCSUL,PHSUL 
12150 CLEAR
12160 DISP "DO YOU WISH TO CHANGE THE FITTED PARAMETERS TO THE MODEL?”
12170 DISP "NOTE: THIS SH OULD ONLY EE DONE IF  THE PHYSICAL NATURE OF THE" 
12180 DISP "CELL HOUSE IS  CHANGED."
12190 DISP
12200 DISP "ENTER Y TO CHANGE, OR 'END LINE' TO CONTINUE."
122.10 INPUT %$
12220 IF  X |="Y" THEN GOSUB PARAMETERS 
12230 SCREEN:
12240 PAGESIZf 24 
12250 CLEAR
12252 DISP "PROCESS VARIA.,i_ES."
12254 DISP
15260 DISP USING 12270 ; TOO
1.2270 IMtoE " 1 . TEMP. OF CATHODE COMPARTMENT ( c j  =  ",DDD.D
12280 DISP USING 12290 ; PKF
12290 IMAGE " 2 . PH OF CELLHOUSE FEED = ".DD.DDD
12300 DISP •Ji'NG 12310 ; QFEED
12310 IMAGE ,l3 . FLOWRATE (m 3 /h r) = ".DDDD.D
22320 DISP USING 12330 ; I
12330 IMAGE " 4 . TOTAL CURRENT (amps) =  ".DDDDDD
12340 DISP USING 12350 ; CELLNO
12350 IMAGE " 5 . NO OF CSLLS = ",DDD
12360 DISP USING 12370 ; PHLCH
12370 IMAGE " 6 . PH OF LEASH TANKS = ",DD.DD
12360 DISP USING 12390 ; PHS'/L
12390 IMAGE " / .  PH OF SULPHIDE TANKS = ".DD.DD
12400 DISP USING 12410 ; TCLCH
12410 IMAGE "8 . TEMP. OF LEACH (C) = ",DDD.D
12420 DISP USING 12430 ; TCSUL
12430 IMAGE " 9 . TEMP. OF SULPHIDE. TANKS (C) = ".DDD.D
12440 DISP USING 12450 ; AMHSULPHAIE
12450 IMAGE " 1 0 . AMMONIA-SULPHATE IN LEACH, ( g /1 )  = " , DDDD.D
12460 DISP USING 12470 ; MANGAN
12470 IMAGE "1 1 . DESIRED MN IN LEACH, (g/1) = " , DDD.D
12480 DISP USING 12490 ; NH42SQ
12490 IMAGE "1 2 . AMMONIUM-SULPHIDE ADD. (1 /m in )  = ".DD.DDD
12500 DISP
12510 DISP "TO CHANGE THE VALUE OF ANY OF THE ABOVE VARIABLES, ENTER ITS NO." 
12520 DISP "TO SEE THE LIST AGAIN, ENTER 'A ' . "
12530 DISP "TO CONTINUE WITH MODEL, PRESS 'END L IN E '."
12540 CHANGE:
12550 INPUT X$
12560 IF  X$="A" THEN GOTO SCREEN
12570 I F  X§="" THEN GOTO INITIAL
12580 I F  LEN (X?)>2 THEN GOTO CHANGE
12590 IF  LEN (X $)= l THEN GOTO ONE
12600 IF  X $ [1 ,1 ]< " 1 "  OR X $ [ l , l ] > " 2 "  THEN GOTO CHANGE
12610 IF  X $ [2 ,2 j< ” 0" OR X $ [2 ,2 ]> " 9 "  THEN GOTO CHANGE
12620 GOTO VALUE
12630 ONE:
12640 IF  X$<"1" OR X$>M9 "  THEN GOTO CHANGE 
12650 VALUE:




CATHODE AREA (m2) 'jDDD.DD
12760 ; DASEA
DIAPHRAGM AREA (m2) 'jDDD.DD
12780 ; DTHICK




H DIFF. CO-EFF. (m2/s) ',MD.DDDE
12840 ; ADIFF
NH4 DIFF. CO-EFF. (m2/a) ’,MD.DDDE
12860 ; CONST
CONSTANT FOR CUR. EFF. '.MD.DDE
12880 : C0NST2
C0NST2 FOR IMP. EFFECT. 1 ,DDDUD
12660 X=VAL (X?)
12670 I F  X>12 THEN GOTO CHAMt 
12680 PAGESIZE 16 
12690 ON X GOSUB
1 6 2 0 0 ,1 6 3 0 0 ,1 6 4 0 0 ,1 6 5 0 0 ,1 6 6 0 0 ,1 7 5 0 0 ,1 7 6 0 0 ,1 7 6 0 0 ,1 7 7 0 0 ,1 7 9 0 0 ,1 8 0 0 0 ,1 8 1 0 0  
12700 GOTO SCREEN 
12710 PARAMETERS:
12720 CLEAR
12722 DISP "MODEL PARAMETERS."
12726 DISP USING :
12728 IMAGE " l .
12730 DISP USING 
12740 IMAGE "2 .
12750 DISP USING j
12760 IMAGE ''
12770 DISP USING 
12780 IMAGE '
12790 DISP USING :
12800 IMAGE '
12810 DISP USING :
12820 IMAGE "6 .
12830 DISP USING 
12840 IMAGE "7 .
12850 DISP USING 
12860 IMAGE "8 .
12870 DISP USING 
12880 IMAGE "9 .
12890 DISP
12900 DISP "TO CHANGE THE VALUE OF ANY OF THE ABOVE VARIABLES, ENTER ITS NO." 
12910 DISP "TO SEE THE LIST AGAIN, ENTER 'A'
12920 DISP "TO CONTINUE WITH MODEL, PRESS 'END L IN E '."
12930 CHANGE?:
12940 INPUT X§
12950 IF  X$="A" THEN GOTO PARAMETERS
12960 I F  X$="" THEN RETURN
12970 I F  LBN (X$)>2 THEN GOTO CRANGE2
12980 I F  LKN (X $)= l THEN GOTO 0NE2
12990 I F  X $ [1 ,1 ]< " 1 "  OR X $ [ l , l ] > " 2 "  THEN GOTO CHANGE2
13000 I F  X $ [2 ,2 ]< " 0 "  OR X $ [2 ,2 ]> " 9 "  THEN GOTO CHANGE2
13010 GOTO VALUE2
13020 0NE2:
13030 IF  X§<"1" OR X$>"9" THEN GOTO CHANGE:
13040 VALUE2:
13050 X=VAL (X$)
13060 I F  X>9 THEN GOTO CHANGE2
13070 ON X GOSUB 1 6 1 0 0 ,1 6 7 0 0 ,1 6 6 0 0 ,1 6 9 0 0 ,1 7 0 0 0 ,1 7 1 0 0 ,1 7 2 0 0 ,1 7 3 0 0 ,1 7 4 0 0  
13080 GOTO PARAMETERS 
16100 CLEAR
16110 DISP "INITIAL VALUE OF CATHODE CURRENT EFFICIENCY."
16120 DISP "THIS IS  JUST A VALUE USED TO START THE CELLhOUSE ROUTINE."
16130 DISP " IT  MUST ALWAYS BE GREATER THAN THE EXPECTED CURRENT EFFICIENCY." 
16140 DISP "THERE IS  NO REAL ADVANTAGE TO BE HAD BY CHANGING THIS VALUE." 
16150 DISP "OLD CURRENT EFF. = ",EFFG 
16160 DISP "ENTER NEW CATHODE CURR. E FF ."
16170 INPUT EFFG$
A ppendix  M




16210 DISP "CELL HOUSE CATHODE COMPARTMENT TEMP . ( c ) "
16220 DISP "OLD TEMP = ";TCC 
16230 DISP "ENTER NEW TEMP."
16240 INPUT TCC$




16310 DISP "CELL HOUSE FEED STREAM pH"
16320 DISP "OLD PH = ";PHF 
16330 DISP "ENTER NEW PH"
16340 INPUT PHF$




16410 DISP "TOTAL FLOWRATE OF SOLUTION THROUGH PLANT (m 3 /h r)"
16420 DISP "OLD FLOWRATE =  " ;QFEED
16430 DISP "ENTER NEW FLOWRATE"
16440 INPUT QFEED3




16510 DISP "TOTAL CURRENT SUPPLIED IN CELL HOUSE (am ps)"
16520 DISP "OLD CURRENT = " ; I
16530 INPUT 1$




16610 DISP "NUMBER OF CELLS IN CELL HOUSE"
16620 DISP "OLD NUMBER = ” ;CELLNO 
16630 DISP "ENTER NEW NUMBER"
16640 INPUT CELLNOS




16710 DISP "CATHODE AREA (m2)"
16720 D ISP "OLD AREA =  ";CAREA 
16730 DISP "ENTER NEV AREA"
16740 INPUT CAREAS




16810 DISP "DIAPHRAGM AREA (m2)"
16820 DISP "OLD AREA = ";DAREA 
16830 DISP "ENTER NEW AREA"
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26840 INPUT DAREA$




16910 DISP "DIAPHBAGM THICKNESS (m)"
16920 DISP "OLD THICKNESS = ";DTHICK 
16930 DISP "ENTER NEW THICKNESS"
16940 INPUT DTHICKS




17010 DISP "DIAPHRAGM VOIDAGE. RATIO OF EMPTY SPACE TO TOTAL SPACE."
17020 DISP "OLD VOIDAGE = ";VOID 
17030 DISP "ENTER NEW VOIDAGE"
17040 INPUT VOID?




171H. DISP "H+ ION DIFFUSION PARAMETER. ( in 2 /s )"
17120 DISP "THIS VALUE HAS BEEN FITTED TO PRODUCE THE BEST AGREEMENT BETWEEN'1 
17130 DISP "THE MODEL AND THE PLANT. IT  SHOULD NOT BE CHANGED UNLESS SOME-"
17140 DISP "THING FUNDAMENTAL IH THE PROCESS, SUCH AS A DIAPHRAGM CHARAC-"
17150 DISP "TERISTIC, IS  CHANGED."
17160 DISP "OLD DIFF CO-EFF = " ;HDIFF 
17170 DISP "ENTER NEW CO-EFF"
17180 INPUT HDIFF?




17210 DISP "NH4+ ION DIFFUSION PARAMETER. (ro 2 /s )"
17220 DISP "THIS VALUE HAS BEEN FITTED TO PRODUCE THE BEST AGREEMENT BETWEEN" 
17230 DISP "THE MODEL AND THE PLANT. IT  SHOULD NOT BE CHANGED UNLESS SOME-"
17240 DISP "THING FUNDAMENTAL IN THE PROCESS, SUCH AS A DIAPHRAGM CHARAC-"
17250 DISP "TERISTIC, IS  CHANGED."
17260 DISP "OLD DIFF CO-EFF = ";ADIFF 
17270 DISP "ENTER NEW CO-EFF"
17280 INPUT ADIFF?




17310 DISP "TH3 CONSTANT IN THE CURRENT EFFICIENCY EQUATION"
17320 DISP " IT  HAS BEEN FITTED TO OBTAIN THE BEST FIT  BTWEEN THE MODEL AND " 
17330 DISP "THE PLANT. IT  SHOULD NOT BE CHANGED."
17340 DISP "STANDARD VALUE IS  0.95X7"
17350 DISP "OLD CONSTANT = CONST 
17360 DISP "ENTER NEW CONSTANT"
17370 INPUT CONST?





17410 9IS P  "THE CONSTANT IN THE IMPURITY EFFECT FACTOR."
17420 DISP " IT  HAS BEEN FITTED TO OBTAIN THE BEST FIT  BTVEEN THE MODEL AND
17430 DISP "THE PLANT. IT  SHOULD NOT BE CHANGED."
17435 DISP "STANDARD VALUE IS 185 0 ."
17440 DISP "OLD CONSTANT = ";CONST2
17450 DISP "ENTER NEW CONSTANT"
17460 INPUT CONST2$




17510 DISP "pH IN LEACH TASKS."
17520 DISP "OLD pH = "jPHLCH 
17530 DISP "ENTER NEW PH"
17540 INPUT PHLCH$




17610 DISP "TEMPERATURE IN LEACH TANKS IN CENTIGRADE."
17620 DISP "OLD TEMP = "jTCLCH 
17630 DISP "ENTER NEW TEMP"
17640 INPUT TCLCH$




17710 DISP "TEMPERATURE IN SULPHIDE TANKS IN CENTIGRALl 
17720 DISP "OH) TEMP = ";TCSUL 
17730 DISP "ENTER NEW TEMP"
17740 INPirr TCSUL$




17810 DISP "pH IN SULPHIDE TANKS."
17820 DISP "OLD pH = ";PHSUL 
17830 DISP "ENTER NEW PH"
17840 INPUT PHSULS




17910 DISP "TOTAL AMMONIUM-SULPHATE CONC. IN LEACH, ( g /1 ) "
17920 DISP "OLD CONC. = ";AMMSULPHATE 
17930 DISP "ENTER NEW CONC."
17940 INPUT AMMSULPHATE?




18010 DISP "DESIRED MANGANESE CONC. IN LEACH SOLUTION, ( g / 1 ) . "
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18020 DISP "OLD CONC. = ";MANGAN 
18030 DISP "ENTER NEW CONC."
18040 INPUT MANGAN?




18110 DISP "ADDITION OF 20% AMMONIUM-SULPHIDE ( 1 / tn in ) ."
18120 DISP "OLD RATE. = ";NH42SQ 
18130 DISP "ENTER NEW RATE."
18140 INPUT NH42SQ5





20025 ! OBTAIN THE MOLAR FL0W5ATE OF NH42S. ASSUME S .G . =1 , AND 20% BY MASS.
20030 NH42S=NH42SQ*60*.2 /6 8 .1 4 2
20034 I AS THE MODEL USES SULPHATE AND AMMONIA AS INPUTS INDIVIDUALLY, AND
20035 I NOT AMMONIUM-SULPHATE, WE FIND VALUES OF THE FORMER THAT WILL GIVE,
20036 I ULTIMATELY, AN APPROXIMATELY CORRECT AMMSULPHATE VALUE.
20040 AMMONIA=AMMSULPHATE/13 2 .1 3 8 * 2 * 1 .0 2 2
20050 SULPHATE=MANGAN/54.938+AMMSULPHATE/132 .138  
20060 mCH=TCLCH+273.15 
20070 TKSUL=TCSUL+273.15
20080 ! INITIAL ACTIVITY CO-EFFICIENT VALUES.











20210 ! CALL LEACH SUBROUTINE. INPUT TKLCH, PHLCH, AMMONIA, SULPHATE AND
20220 I OUTPUT MANL.
20230 DISP





20360 ! CALL SULPHIDE SUBROUTINE. INPUT MANL, SULPHATE, TKSUL, PHSUL,
20370 ! NH42S. OUTPUT COBS, MANS, AMMS.
20380 DISP
20390 DISP "CALCULATING SULPHIDE..."
20440 GOSUB SULPHIDE 
20450 MANSM=MANS*54.93ti
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20460 GOZ'OB SPRINT
20520 I CALL CELL SUBROUTINE. INPUT MANS, SULPHATE, COBS. OUTPUT MANCEX, 
20530 ! AMMCEX.
20540 DISP





20710 I CALL COSTS SUBROUTINE.
20730 DISP








20910 DISP USING 20920 ; TIMEABS
20920 IMAGE "TIME FOR CALCULATION =",MDDDD.D," sacs."
20930 BEEP 6 0 ,5 0  
20940 DISP
20950 DISP USING 20960
20960 IMAGE "TO STORE THE CURRENT DATA SET AS THE STANDARD SET ENTER 'S ' , "  
20970 DISP USING 20980
20980 IMAGE "ELSE PRESS 'ENDLINE' TO STORE AS THE SET LAST USED."
20990 INPUT X#
2.1000 I F  X? <> "S "  THEN GOTO LAST 
21010 ASSIGN# 2 TO "NEWS-DATA"
21020 PRINT# 2 ; EFFG, TCC, PHF, QFEED, I ,HDIFF, ADIFF, CELLNO, CAREA, DAREA 
21030 PRINT# 2 ; CONST, C0NST2.DTHICK, VOID, PHLCH, TCLCH, AMMSULPHATE, MANGAN 
21040 PRINT# 2 ; NH42SQ,TCSUL,PHSUL 
21060 BEEP 5 0 ,6 0  
21070 END
21075 LAST:
21076 ASSIGN# 2 TO "NEWL-DATA"
21080 PRINT# 2 ; EFFG,TCC,PHF,QFEED,I,HDIFF,ADIFF,CELLNO,CAREA,DAREA 
21090 PRINT# 2 ; CONST,C0NST2,DTHICK,VOID,PHLCH,TCLCH,AMMSULPHATE,MANGAN 
21100 PRINT# 2 ; NH42SQ,TCSUL,PHSUL 
21110 BEEP 4 0 ,6 0  
21120 END
22020 CELLHOUSE:
22030 ! THIS SUBROUTINE CALCULATES THE CELL HOUSE SECTION OF THE PLANT.
22040 ! IT  USES THE FEED CONCENTRATIONS OF MN, SULPHATE AND COBALT AND
22050 ! THE FEED FLOWRATE, TOGETHER WITH THE TEMPERATURE O ') AND THE
22060 I CURRENT (am ps) SUPPLIED TO THE CELLS TO CALCULATE THE OPERATION
22070 ! OF THE CELLS.
2:2090 I SET THE CATHODE CURRENT EFFICIENCY TO THE INITIAL VALUE, AND THE













22220 ! GET THE IMPURITY LEVEL (km ole/raS), FEED FLOWRATE PER CELL (m 3 /s ) ,
22230 ! FEED TEMPERATURE ( k ) , CURRENT DENSITY (am ps/m 3), EQUIVALENT CUR-










22330 I CALL THE SUBROUTINE THAT CALCULATES THE EQUILIBRIUM RATIOS AS
22340 ! FUNCTIONS OF TEMPERATURE.
22350 TEMPK=TF 
22360 GOSUB KRATIO
22370 ! CALCULATE THE EQUILIBRIUM COMPOSITION OF THE FEED STREAM. FOR THE










22480 ! START OF LOOP TO CALCULATE THE ANODE COMPARTMENT FROM MASS BALANCE
22490 ! AND EQUILIBRIA, GIVEN VALUES OF CURRENT EFFICIENCIES, WATER AND
22500 ! AMMONIA LOSSES.
22510 FOR IC0UNT=1 TO 100
22520 ! CALCULATE MN AND OTHER PRODUCTION RATES PER CELL ( k g / s ) .
22530 MNPR=.054938*EFFC*IEQV/2 
22540 H2PR=.002016*(l-EFFC)*IEQV /2 
22550 02PR=.031998*EFFA*IEQV/2 
22560 M 0PR=.0B6936*(l-EFFA)*IEQV/2
22570 1 PERFORM A MN AND AMMONIA MASS BALANCE OVER ENTIRE CELL.
22580 I QA = FLOWRATE OF SOLUTION EXITING EACH CELL (m 3 /s)
22590 ! MNANM = MASS OF MN IN ANODE COMPARTMENT (kg/m 3)
22600 I AMMAN = TOTAL CONC. OF AMMONIA IN ANODE COMPARTMENT (km ole/m 3)
22610 t TA = TEMPERATURE IN ANODE COMPARTMENT (k)
22620 QA=(QF*DENF-MNPR-H2PR-02PR-M0PR-H20CL-H20AL-NH3CL)/DENA 
22630 MNANM=(MNFM*QF-MNPR-M0PR*54.9 3 6 /8 6 .9 3 6 ) /QA
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22640 AMMAN=(AMF*QF -NH3CL/17 .031  )/QA 
22650 TA=TF+3.5
22660 I CALL THE SUBROUTINE TO CALCULATE THE EQUILIBRIUM RATIOS AT THE
22670 ! ANODE TEMPERATURE.
22680 TEMPK=TA 
22690 GOSUB KRATIO
22700 ! CALCULATE THE EQUILIBRIUM COMPOSITION OF THE ANODE COMPARTMENT.






22770 HA=(-U+SQR (U*U+4*V))/2 
22780 S04A=2*MN2A+HA+NH4A-SULPHA 
22790 HS04A=SULPHA-S04A
22800 H20A=DENA-54. 936*MN2A-1. 008*iIA-18. 039*NH4A-96. 06*S04A -97, 068*HS04A 
22810 H20A=H20A/].8.015
22820 ! TC = CATHODE COMPARTMENT TEMPERATURE (k)
22830 I MNC = TOTAL MN CONC. IN CATHODE COMP. (km ole/m 3)
22840 TC=TF+1
22850 MNC=MNANM/54.938
22860 1 CALCULATE MOLAR DIFFUSION RATES THROUGH MEMBRANE, FROM MASS BALANCE
22870 1 AROUND THE ANODE SECTION. KMCLE/S
22880 ZH20=QA*H20A+H20AL/18.015+£FFA*IEQV/2000+(1-EFFA)*IEQV/1000 
22890 ZMN=QA*MN2A+( 1 -EFFA)*IEQV/2000 
22900 ZAMM=QA*NH4A
22910 I DETERMINE THE TOTAL AMM CONC. IN THE CATHODE, AND THE H+ ION BACK
22920 ! DIFFUSION FROM MEMBRANE TRANSPORT MODEL.
22930 ! SEE SECTION 4 .5  FOR THE EQUATIONS.
22940 ! THE AVERAGE MEMBRANE CONDUCTIVITY IS TAKEN TO BE 14 (m hos/m ),
22950 J6A =I*96500/(8.314*14*TC )-Z H 20*18.015/(1000*A D IZ F)
22960 TESr=J6A*DTHICK/ ',VOID*DAREA)
22970 ! CHECK FOR UNDERFLOW.
22980 IF  TEST<-50 THEN TEST=-50 
22990 J7A=EXP (TEST)
23000 AMMC=AMMAN*J7A-i-ZAMM*(J7A-1)/(J6A*ADIFF)
23010 J6H =I*96500/(8,314*14*TC )-Z H 20*18.015/(1000*H D IFF)
23020 J7H=EXP (-(J6H*DTHICK/(V0ID*DASEA)))
23030 HFLUX=J6H*HDIFF*HA/(1-J7H)
23040 I START OF THE LOOP TO SOLVE THE TWO SIMUTANE0"S EQUATIONS FOR
23050 I THE CATHODE PH AND THE NET HYDROGEN EVOLVED. *  NEW VALUE FOR
23060 ! THE PH IS OBTAINED FROM AN OLD VALUE USING A NEWTCN-RAPHSON
23070 I SCHEME. THIS REQUIRES THE FIRST DERIVATIVE OF THE FUNCTION THAT
23080 ! RESULTS FROM 7 M  SUBSTITUTION OF THE ONE EQUATION INTO THE OTHER.
23090 ! SEE SECTION 4 .6  FOR THE EQUATIONS.
23100 PHDUM=7.5
23110 I CALL THE EQUILIBRIUM RATIO SUBROUTINE.
23120 TEMPK=TC 
23130 GOSUB KRATIO 











23250 H20C=DENC-MN2C*54.938-NH4C*16.039-MNNH3C*71.969 -NH3C*17.031-8040*96 .06  
23260 H20C=H20C/18.015
23270 ! THE NET HYDROGEN EVOLVED IS THE DIFFERENCE BETWEEN THAT WHICH
23280 ! DIFFUSES BACK THROUGH THE MEMBRANE, AND THAT WHICH REACTS WITH
23290 I THE NH3 SPECIES TO FORM NH4 SPECIES.
23300 HNET=HFLUX-(QF*(NH3F*HNNH3F)-NH3CL/17.0 3 1 )
23310 I IF  THE NET H EVOLVED IS  NEGATIVE THEN STOP THE PROGRAM.
23320 IF  HNET>0 THEN GOTO PROCEED 
23330 PRINT "HNET IS  NEGATIVE",HN: f.HFLUX 
23335 DISP "HNET IS  NEGATIVE",HNET,HFLUX
23340 PRINT "CANNOT CONTINUE WITH PROGRAM AS THE MODEL IS  OUTSIDE"
23345 DISP "CANNOT CONTINUE WITH PROGRAM AS THE MODEL IS  OUTSIDE"
23350 PRINT "THE PERMISSABLE REGION. THERE IS NOT ENOUGH H DIFFUSING BACK." 
23355 DISP "THE PERMISSABLE REGION. THERE IS NOT ENOUGH H DIFFUSING BACK." 
23360 GOTO FINISH 
23370 PROCEED:
23380 I IMPURITY EFFECT ON CATHODE CURRENT EFFICIENCY.
23390 J1=1+C0NST2*IMP/MN2C
23400 I TEMPERATURE EFFECT ON CATHODE CURRENT EFFICIENCY.
23410 J2=1+EXP (12300 /T C -40 .953 )
23420 ! CURR. DENSITY EFFECT ON THE CATHODE CURRENT EFFICIENCY.
23430 J 3 = l - .0001213* (CD -550)+ .00001278* (CD-550 )**2  












23560 FDERIV=-(DHPRDH+2. 303*EXP (-(2 .3 0 3 * P H C )))
23570 PHCOLDspHC
23580 PHDUM=PHC-FUNCHPR/FDERIV
23590 I F  ABS (PHDUH-PKC)<,00001 THEN GOTO EFFICIENCY 
23990 NEXT IPH
24000 PRINT "LOOP FOR PH IN CATHODE NOT CONVERGED AFTER 100 ITERATIONS."
24005 DISP "LOOP FOR PH IN CATHODE NOT CONVERGED AFTER 100 ITERATIONS."
24010 GOTO FINISH 
24020 EFFICIENCY:
24030 ! CALCULATE THE NEW CATHODE CURRENT EFFICIENCY AND COMPARE WITH THE
24040 ! OLD VALUE. THE NEW VALUE IS TAKEN TO BE 30% OF THE OLD VALUE PLUS
24050 ! 70% OF THE VALUE THAT CORRESPONDS TO THE H2 EVOLUTION.
24060 ! THIS PREVENTS THE ITERATIONS FROM GOING UNSTABLE.
A ppendix  M
24070 SFFD2=EFi'D 
24080 EFFD=EPFC
24090 EFFC=. 7* (1  - BB,VKNET)+ .3*EFFC 
24100 CED=ABS (EFFD-EFFC)
24104 ! CALCULATE THE H2 PRODUCED AT THE NEW CATHODE CURRENT EFFICIENCY.
24105 H2DUM=.002016*(l-EFFC)*IEQV/2
?4110 I IF  THE DIFFERANCE IS WITHIN TOLERANCE TEEN CONTINUE WITH MODEL. ELSE
V-.120 I ESTIMATE AMMONIA LOSS IN CATHODE ,  AND WATER LOSSES IN CATHODE AND
24*30 1 ANODE, THEN RETURN TO STOP IF  THERE HAVE BEEN TOO MANY ITERATIONS.
24140 IF  CED<.00002 THEN GOTO CELLEND
24180 ! GET THE WATER MOLE FRACTION IN THE H2 GAS AT CATHODE.
24190 H20FRC=-1 .2 6 7 + .00428*TC
24200 ! OBTAIN THE MOLE FRACTIONS OF THE LOST GASSES. SEE SECTION 4 .7
24210 ! GET THE WATER MOLE FRACTION IN THE 02 GAS AT ANODE.
24220 H20FRA=-1 .2 6 7 + .G0*28*TA
24230 I GET THE NH3 MOLE FRACTION IN THE H2 GAS AT THE CATHODE.
24240 NH3FRC=.0367*(NH4C+NH3C)
24250 ! CALCULATE THE NEW AMMONIA CATHODE LOSS, AND THE WATER CATHODE AND
24260 ! ANODE LOSSES PER CELL ( k g /s ) .




24300 ! CALCULATE ANODE CURRENT EFFICIENCY. ASSUMED MASS TRANSFER LIMITED.
24310 ! SEE SECTION 4 .7  FOR THE EQUATION.
24320 I ANODE CURRENT DENSITY IS ASSUMED TO BE 1000 amps/m2.
24330 EFFA=1-1.58*MN2A/1000**.5
24340 I CONTINUE WITH CURRENT EFFICIENCY LOOP, OR STOP IF  THERE HAVE BEEN
24350 I TOO MANY ITERATIONS.
24360 NEXT ICOUNT
24370 PRINT "CURRENT EFFICIENCY LOOP NOT CONVERGED AFTER 100 ITERATIONS."
24375 DISP "CURRENT EFFICIENCY LOOP NOT CONVERGED AFTER 100 ITERATIONS."
24380 GOTO FINISH 
24390 CELLEND:
24400 I CONVERSION OF CELL HOUSE ROUTINE. CALCULATE SUNDRY VALUES.
24420 ! CALCULATE THE RATE OF CHANGE OF H EVOLVED WITH A CHANGE IN H CONC.
24430 DUMMY=MNC**2+(MNC+CC)*HC/AA 
24440 DHBVDH=MNC**2*(MNC+CC) / AA 
24450 DHEVDH=DHEVDH/(BB*DUMMY**2)
24460 I CALCULATE THE TOTAL ANODE EXIT FLOW. (m 3 /s)
24470 QANQD=QA*3600*CELLNO
24480 I CALCULATE TOTAL WATER LOSS PER CELL, ( k g /a )
24490 H20LS=H20CL+H20AL




24540 I CALCULATE TOTAL LOSSES FROM CELL HOUSE. ( k g /h r )
24550 H20IiST=H20LS*3600*CELLNO 
24560 NH3CLT=NH3CL*3600*CELLNO
24570 I GET MN AND AMMONIA CONC. RELATIVE TO QFEED.
24580 MANCEX=MN2A*QAN0D/QFEED 
24590 AMMCEX=NH4A*QAN0D/QFEED
A ppendix  M
24600 I EVALUATE THE TOTAL CELL VOLT DROP.
24610 ! CALCULATE MEMBRANE CONDUCTIVITY. (mhos/m)
24620 DCOND=1000*96500**2/8 .314/TC*(KDIFF*(HC+HA)/'2+4*ADIFF*(NH4C+NH4A)/2)
24630 ! CALCULATE ANODE COMPART^NT CONDUCTIVITY. (mhos/m)
26640 ACOND=17.6*KA+34.7
24650 ! CALCULATE CATHODE COE- -ENT CONDUCTIVITY. (mhos/m)
24660 CC0ND=-4-. 28*NH3C+10.19*NH4C--t 03*MNC+.27*(TC-273)
24670 I EVALUATE CATHODE POTENT.. ( v o l t s )
24680 EC=1.1 8 + 8 .314*TC/96SOO*LOG (Ci)/(HC*71000000000*TC*EXP ( - ( 6 3 4 0 0 /8 .314 /T C )) ) )  
24690 ! EVALUATE ANODE POTENTIAL.
24700 EA=1.2 3 + 8 .314*TA/96SOQ*LOG (1000 /(H A * .000000000001))
24710 I EVALUATE OHMIC POTENTIAL DROP.
24720 ER=CD*(. 03/AC0ND+. Q3/CCOND+DTHICK/(DC0ND*V0ID))




25040 ! THIS SUBROUTINE CALCULATES THE SULPHIDE SECTION OF THE PLANT.
25050 ! IT  REQUIRES THE SULPHIDE PH, TEMPERATURE ANi/ THE TOTAL
25060 ! CONCENTRATIONS (kroole/m 3) OF MANGANESE AND SULPHATE. AS WELL
25070 ! AS THE ADDITION FLOWRATE OF AMMONIUM-SULPHIDE (k m o le /h r) .
25060 ! IT  RETURNS THE TOTAL MN CONCENTRATION FROM THE MASS BALANCE
25090 ! AND THE SOLUTION CHEMISTRY.
25100 HS=10**(-PHSUL)
25110 I INITIALISE ACTIVITY CONVERGENCE CHECK, AND THE INITIAL VALUES







25190 ! CALL THE SUBROUTINE THAT CALCULATES THE EQUILIBRIUM CONSTANTS.
25200 TEMPX=TKSUL 
25210 GOSUB KCONST
25220 I START LOOP FOR ACTIVITY CO-EFFICIENTS.
25230 FOR L=1 TO 40





25290 K4=GMN2*K4I/ GMNNH3 
25300 K5=GMNNH3*GSC4*KjI 
25310 K6=GC02*GS04*K6I 




25360 ! INITIALISE AND START LOOP FOR MINOR SPECIES. SET UP TOTAL CON-
25370 ! CEOTRATIONS OF MAJOR SPECIES.
A ppendix  M
25380 MIN0LD=0 
25390 FOR K=1 TO 40
25400 I INITIALISE MN2+ CONVERGENCE CHECK.
25410 ^:20LD=0
25420 ! SOLVE FOR MK2+ CONCENTRATION AS A MAJOR SPECIES BY 3UCCESIVE
25430 ! ITERATION. SEE SECTION 3 .2  FOR THE EQUATIONS.




25480 S04S=(-B+SQR (B * B -4 * W )) /(2 * A )
25493 MN2S=MANS/(1+K1*S04S)
25500 I IF  SUCCESIVE VALUES OF MN2S DIFFER BY LESS THAN IE -6  THEN
25510 I CONTINUE WITH MODEL, ELSE REPEAT ROUTINE OR STOP IF  THERE HAVE
25520 ! BEEN TOO MANY ITERATIONS.
25530 IF  ABS (MN2S-MN20LD)<.000001 THEN GOTO MAJRS 
25540 MN20LD=MN2S 
25550 NEXT J
25560 PRINT "SULPHIDE INSIDE LOOP NOT CONVERGED AFTER 100 ITERATIONS."
25565 DISP "SULPHIDE INSIDE LOOP NOT CONVERGED AFTER 100 ITERATIONS."
25570 GOTO FINISH 
25580 MAJRS:





25640 I CALCULATE MINOR SPECIES.
25650 MNNH3S=K4*MN2S*NH3S 
25660 MNAMSS=K5*MZWH3S*S04S
25670 ! MODIFY THE TOTAL CONCENTRATIONS OF MAJOR SPECIES WITH THE CONCEN-







25750 I CHECK FOR CONVERGENCE OF LOOP FOR MINOR SPECIES. CONTINUE WITH
25760 ! MODEL IF  CONVERGED, ELSE REPEAT LOOP OR STOP IF TOO MANY ITERATIONS
25770 I HAVE OCCURED.
25780 IF  ABS (MINOR-MINOLD)<.000001 THEN GOTO ACTIVS 
25790 MINOLD=MINOR 
25800 NEXT K
25810 PRINT "SPHIDE LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 40 ITERATIONS." 
25815 D IS? "SPHIDE LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 40 ITERATIONS." 
25820 GOTO FINISH 
25830 ACTIVS:
25840 ! CALCULATE THE IONIC STRENGTH MU, AND THE SOLVENT STRENGTH J J .
25850 MU=.5*(4*(MN2S+MNNH3S)+NH4S+NH4S04S+4*S04S)
25860 JJ=MNS04S+MNAMSS+NH3S
25870 I CHECK FOR CONVERGENCE OF ACTIVITY CO-EFFICIENTS BY EXAMINING THE
25880 I IONIC STRENGTH, CONTINUE WITH MODEL IF  CONVERGED.
25890 IF  ABS (MUOLD-MV)<.00001 THEN GOTO COBALT
A ppendix M
25900 MU0LD=MU
25910 1 CALL THE SUBROUTINE THAT CALCULATES THE NEW ACTIVITY CO-EFFICIENTS.
25920 GOSUB ACT_COEFFS
25930 1 REPEAT LOOP OR STOP IF  THERE HAVE BEEN TOO MANY ITERATIONS.
25940 NEXT L
25950 PRINT "SULPHIDE LOOP FOR ACTIVITIES NOT CONVERGED AFTER 40 ITERATIONS." 
25955 DISP "SULPHIDE LOOP FOR ACTIVITIES NOT CONVERGED AFTER 40 ITERATIONS." 
25960 GOTO FINISH 
25970 COBALT:
259S0 ! ONCE THE MN SPECIES HAVE BEEN FOUND THEN CALCULATE THE COBALT











28040 ! THIS SUBROUTINE CALCULATES THE LEACH SECTION OF THE PLANT.
28050 ! IT  REQUIRES THE LEACH PH, TEMPERATURE ( k ) , AND THE TOTAL
28060 ! CONCENTRATIONS (knu l-./mS) OF AMMONIA AND SULPHATE. IT  THEN
28070 ! RETURNS THE TOTAL MN CONCENTRATION FROM THE MiSS BALANCE AND
28080 I THE SOLUTION CHEMISTRY.
28090 HL=10**(-PHLCH)
28100 I INITIALISE THE CHECKS FOR CONVERGENCE, AND SET UP THE TOTAL






28170 I CALL THE SUBROUTINE THAT CALCULATES THE EQUILIBRIUM CONSTANTS.
28180 TEMPK=<KLCH 
28190 GOSUB KCONST
28200 ! START LOOP FOR ACTIVITY CO-EFFICIENTS.
28210 FOR L=1 TO 40








28300 I INITIALISE AND START LOOP FOR MINOR SPECIES.
28310 MNOLD=0 
28320 FOR K -l  TO 100
28330 I INITIALISE CONVERGENCE CHECK FOR NEWTON-RAPHSON.
28340 NH4DM=0
A ppendix  M
28350 ! START OF NEWTON-RAPHSON SCHEME. SEE SECTION 2 .2  FOR EQUATIONS.




28400 F0NNH4--C-B+SQR (B **2-4*A *C ))/(2*A )- ( AMML/NH4G-1)/K3
28410 F(JNBERV=Kl/(2*A)+((-(2*Kl*B)+4*A)/(4*A*SQR (B**2-4*A*G)) )+AMML/(K3*NH4G**2) 
28420 NH4R=NH4G-FUNNH4/FUNDERV
28425 ! CHECK FOR CONVERGENCE OF NEWTON-RAPHSON ROUTINE.
28430 IF  ABS (NH4G-NH4DM)<.000000001 THEN GOTO MAJR 
28440 NH4DM=NH4G 
28450 NEXT J
28460 PRINT "LEACH INSIDE LOOP NOT CONVERGED AFTER 100 ITERATIONS."
28465 DISP "LEACH INSIDE LOOP NOT CONVERGED AFTER 100 ITERATIONS."
28470 GOTO FINISH 
28480 MAJR:
28490 ! CALCULATE THE REMAINING MAJOR SPECIES, FOR EQUATIONS SEE SECTON 2 .2
28500 NH4L=NH4G









28600 ! MODIFY THE TOTAL CONCENTRATIONS OF MAJOR SPECIES WITH THE CONCEN-







28670 I CHECK FOR CONVERGENCE OF LOOP FOR MINOR SPECIES. CONTINUE WITH
28680 ! MODEL IF  CONVERGED, ELSE REPEAT LOOP OR STOP IF TOO MANY ITERATIONS
28690 I HAVE OCCORED.
28700 IF  ABS (MNOLD-MANL)<.00001 THEN GOTO ACTIVITY 
28710 MNOLD=MANL 
28720 NEXT K
28730 PRINT "LEACH LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 100 ITERATIONS." 
28735 DISP "LEACH LOOP FOR MINOR SPECIES NOT CONVERGED AFTER 100 ITERATIONS." 
28740 GOTO FINISH 
28750 ACTIVITY:
28760 i CHECK FOR CONVERGENCE OF ACTIVITY CO-EFFICIENTS BY EXAMINING THE
28770 ! MN CONCENTRATION, CONTINUE WITH MODEL IF  CONVERGED.
28780 IF  ABS (MANL-MN0LD2)<.0001 THEN GOTO MANEQ 
28790 MN0LD2=MANL
28800 I CALCULATE THE IONIC STRENGTH MU, AND THE SOLVENT STRENGTH J J .
28810 MU=.5*(4*(MN2L+MNNH3L)+NH4L+NH4S04L+4*S04L)
28820 JJ=MNS04L+MNAMS3>NH3L
28830 I CALL THE SUBROUTINE THAT CALCULATES THE NEW ACTIVITY CO-EFFICIENTS.
28840 GOSUB ACT_COEFFS
28850 ! REPEAT LOOP OR STOP IF  THERE HAVE BEEN TOO MANY ITERATIONS.
2f;860 NEXT L
28870 PRINT "LEACH ACTIVITIES LOOP NOT CONVERGED AFTER 40 ITERATIONS."
28875 DISP "LEACH ACTIVITIES LOOP NOT CONVERGED AFTER 40 ITERATIONS."
28880 GOTO FINISH 
2&890 MANEQ:
28892 ! CALCULATE THE LEACH EFFICIENCY. EQUATION IS FITTED TO PLANT DATA.
28894 GOSUB LCKEFF
28900 ! CALCULATE THE EQUILIBRIUM MN CONCENTRATION. THIS IS  THE MAXIMUM
2891C ! ALLOWED MN CONCENTRATION FOR THE CHOSEN LEACH PH.
28920 hN2EQL=HL,'*2/KMNEQ 
28930 I F  MN2EQL>MN2L THEN RETURN
28940 PRINT "MN CONCENTRATION LARGER THEN EQ. VALUE, CHOOSE LOWER LEACH PH"
28945 DISP "MN CONCENTRATION LARGER THEN EQ. VALUE, CHOOSE LOWER LEACH PH"
28950 PRINT "MN2EQ "•>MNEQL,"MN2+ ";MN2L




30030 ! THIS SUBROUTINE EVALUATES THE COSTS AND PROFIT INVOLVED IN THE
30040 I OPERATION OF THE PLANT.
30050 ! CALI, THE SUBROUTINE THAT EVALUATES THE LEACH EFFICIENCY.
30060 GOSUB LCHEFF
30070 ! THE REVENUE IS  R1500 PER TON OF MN PRODUCED.
30080 MNPR0F=1.5*MNPRT
30090 I AMMONIA IS LOST IN THE CATHODE COMPARTMENT AND IN THE FILTER CAKE.
30100 ! THE FILTER CAKfc LOSS IS  ASSUMED TO BE 2.4%  OF THE AMMONIA MASS
30110 I FLCWRATE. THE COST IS  R96 PER TON AMMONIA.
30120 AMCOST=.0 9 6 * ( .0 2 4 * 1 7 .031*AMMCEX*QFEED+NH3CLT)
30130 I SULPHATE IS LOST IN THE FILTER CAKE. THIS IS  ASSUMED TO BE 2.4%
30140 ! OF THE SULPHATE MASS FLOWRATE. COST IS R92 PER TON SULPHATE.
30150 SCOST^.0 9 2 * .0 2 4 * 9 8 .076*SULPHATE*QFEEL
30160 I THE COST OF MANGANESE IN THE ORE IS R216 PER TON OF MN.
30170 1 THE MASS FLOWRATE OF MN £N THE ORE IS THAT REQUIRED BY THE
30180 ! MASS BALANCE PLUS THAT WHICH r S LOST IN THE FILTER CAKE (2 .4 % ),
30185 I DIVIDED BY THE LEACH EFFICIENCY.
30186 MNREQUIRED=(MANL-MANCEX+.024*MANI,)*QFEED*54.938/LCHEFF 
30190 MNCOST=. 216*MNREQUIRED
30200 ! THE POWER COST IS TAKEN AS 2 CENTS PER KILOWATT HOUR.
30210 PCOST=.00002*CBLLNO*VOLT*I 
30220 ! CALCULATE THE PROFIT IN R/HR.
30230 PROFIT=MNPROF-(AMCOST+SCOST+MNCOST+PCOST)




31010 I THIS SUBROUTINE EVALUATES THE LEACH EFFICIENCY AS A FUNCTION
31020 I OF PH. THIS IS  A FITTED EQUATION TO PLANT DATA AND HOLDS PRO-
31030 I VIDED THAT NO MN(0H)2 PRECIPITATION IS OCCURING.
31040 LCKEFF=.8+.0727*PHLCH-. 00959*PHLCH**2 




32010 ! THIS SUBROUTINE EVALUATES THE EQUILIBRIUM CONSTANTS, USED IN THE
32020 ! LEACH AND SULPHIDE SECTIONS, AS FUNCTIONS OF TEMPERATURE ( k ) .
32030 1 THE EQUATIONS ARE GIVEN IN SECTION APPENDIX A.
32040 ! EQ. CONSTANT FOR MN2+ + S042- = MNS04
32050 K1I=EXP ( S .204+ 2 1 0 0 /1 .9 8 7 * ( l /2 9 8 . 15-1/TEMPK))
32060 ! EQ. CONSTANT FOR NH3 + H+ = NH432070 K2I=EXP ( 2 1 .2 9 -
(1 3 0 0 0 /1 .9 8 7 * (l/298 .15 -1 /T E M P K )))
32080 I EQ. CONSTANT FOR NH4+ + S042- = NH4S04-
K 3I= 10**(1 .0 5 + .0053*(TEMPK-273.1 5 ) )
! EQ. CONSTANT FOR MN2+ + NH3 =  MNNH3232110 K4I=10
! EQ. CONSTANT FOR MNNH32+ + S042- = MNNH3S04
! EQ. CONSTANT FOR C02+ + S042- = C0S04
K6I=EXP (5 .3 8 8 + 1 4 0 0 /1 .9 8 7 * (1 /2 9 8 .15-1/TEMPK))
! EQ. CONSTANT FOR C02+ + NH3 =  C0NH3232170
K 7I=10**(2.017+.005*(298.15-TE M PK ))
32180 ! EQ. CONSTANT FOR C0NH32+ + S042- = C0NH3S04
K8I=K6I
! EQ. CONSTANT FOR MNS =  MN2+ + S2-
KSMI=EXP (-2 4 .1 7 7 + 6 2 0 0 /1 .987* (l/298 .15-1 /T E M PK ))
I EQ. CONSTANT FOR COS =  C02+ + S2-
RSCI=1.1E-16*EXP ( 1 6 9 0 0 /1 .987*(l/293 .15-1 /T E M PK ))
! EQ. CONSTANT FOR MN2+ + 2H20 = MH(0H)22+ + 2H32245 !
CHANGED FROM 1.59E -15  TO 4 .9 0 E -1 6  TO FIT  POURBAIX DIAGRAM.
32246 ! SEE KCONST.
32250 KMNEQI=4.9E-16*EXP (2 5 9 3 0 /1 .9 8 7 * 1 1 /2 9 8 .15-1/TEMPK))
32260 RETURN 
33000 KRATIO:
33010 ! THIS SUBROUTINE EVALUATES THE EQUILIBRIUM RATIOS AS FUNCTIONS
33020 I OF TEMPERATURE (K) FOR USE IN THE CELL HOUSE.
33030 ! THESE EQUILIBRIUM RATIOS HAVE BEEN FITTED BY RODRIGUES(1 9 8 3 ).
! NOTE THAT THEY HAVE NO UNITS AS THE CONCENTRATIONS ARE DIVIDED
I BY THE UNIT OF CONCENTRATION Kmole/cM.
! EQ, RATIO FOR MN2+ + NH4+ = MNNH32+ + H33070 KMNNH3=EXP ( -
3 4 .5 7 + .0 5 1*TEMPK)
H+ = NH433090 KAMM=EXP ( 4 0 .3 2 - .064*1'EMPK) 
2H20 = MN(0H)2 + 2H33110 KMNOH=EXP ( -
! EQ. RATIO FOR 1
"  . RATIO FOR 1
6 7 .1 5 + .1025*TEMPK)*GMN2
33120 ! EQ. RATIO FOR HS04- = H+ + S042-
33130 KS04=EXP ( 6 .3 3 9 - .0294*TEMPK)
33140 RETURN 
34000 ACT COEFFS:
34010 7  THIS SUBROUTINE CALCULATES THE ACTIVITY CO-EFFICIENTS AS FUNCTIONS
34020 1 OF TEMPERATURE ( c ) ,  IONIC STRENGTH AND SOLVENT STRENGTH.
34030 TCENT=CEMFK-273.15
34040 ! THESE ARE THE DEBYE-HUCKEL PARAMS. FOR PURE WATER AS A FUNC OF TEMP.
34050 A0=.4882+.0007598*TCENT+.000002948*TCENT**2+.00000001185*TCENT**3 
34060 B 0= .3241+ .0001649*TCENT+.0000006579*TCENT**2+.00000000103*TCBNT*>r3 
34070 A =A 0-.3*JJ 
34080 IF  A<0 THEN A=0 
34090 B=BO *(A /A O )**(l/3)
34100 I ACT. CO-EFF FOR MN2+ Z=2 P=6
34110 GMN2=A*4*SQR (MU)/(1+B*6*SQR (MU))
34120 ! ACT CO-EFF FOR NH4+ Z=1 P=3
34130 GNH4=A*i*SQR (MU)/(1+B*3*SQR (MU))
34140 ! ACT CO-EFF FOR S04+ Z=2 P=4
34150 GS04=A*4*SQR (MU)/(1+B*4*SQR (MU))
34160 I ACT CO-EFF FOR NH4S04- 2=1 P=4
34170 GNH4S04=A*1*SQR (MU)/(1+B*4*SQR (MU))
A ppendix M
35060
g/1",/,"SU LPH A TE
I ACT CO-EFF FOR S2- 






1 ACT CO-EFF FOR MNNH32+ 
GMNNH3=GMN2
I ACT CO-EFF FOR C02+ 
GC02=GMN2
! ACT CO-EFF FOR CONH3+ 
GCONH3=GMN2
(SIMILAR TO MN2) 





PRINT USING 35060 ; MANLM,AMMSUL,SULPHATE 
DISF USING 35060 ; hANLM,AMMSUL, SULPHATE 
IMAGE "MANGANESE =  ".DCD.DD," g / l " , / J"AMM-SULPH
= "jMD.DDD," kmole/ni3"
PRINT USING 35090 ; AMMONIA,LCHEFF 
DISP USING 35090 ; AMMONIA,LCHEFF





PRINT USING 36060 ; MANSM,COBPPM 
DISP USING 36060 ; MANSM.COBPPM 




PRINT USING 12270 ; TCC
IMAGE " 1 . TEMP. OF CATHODE COMPARTMENT ( c )
PRINT USING 12290 ; PHF
IMAGE " 2 . PH OF CELLHOUSE FEED
PRINT USING 12310 ; QFEED
IMAGE " 3 . FLOWRATE (m 3/hr)
PRINT USING 12330 ; I
IMAGE " 4 . TOTAL CURRENT (amps)
PRINT USING 12350 ; CELLNO 
IMAGE " 5 . NO OF CELLS 
PRINT USING 12370 ; PHLCH 
IMAGE " 6 . PH OF LEACH TANKS 
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Ig / i v / ' i
i
JR. EPF. = ".DD.DDD 
38062 PRINT USING 39066 ; PHC 
38064 DISP USING 39066 ; PHC 
38066 IMAGE "pH CATHODE = " , DD.DDD 
38070 PRINT USING 38090 ; SOLUB 
38080 DISP USING 38090 ; SOLUB 





39002 ! THIS SUBROUTINE PRINTS AND DISPLAYS THE COSTS.
39010 PRINT 
39020 PRINT "COSTS."
39030 PRINT " ............. "
29040 PRINT USING 39060 ; PROFIT,PROFTN 
39050 DISP USING 39060 ; PROFIT,PROFTN
39060 IMAGE "PROFIT = ".DDDD.D," R /h r" ,/ ," P R O F IT  = ".DDDD.D,"
39080 PRINT USING 39100 ; MNPRT, MNREQUIRED, MNCOST 
39090 DISP USING 39100 ; MNPRT,MNREQUIRED,MNCOST
39100 IMAGE "MN PROD. = ".DDDD.D," k g /h r" ,/ ," M N  REQUIRED = " , DDDD.D,"
k g /h r" ,/ ," M N  COST =  ",DDDD.D," f i /h r "
39110 PRINT USING 39130 ; VOLT.PCOST 
39120 DISP USING 39130 ; VOLT.PCOST








IMAGE "?. PH OF SULPHIDE TANKS =  ".DD.DD
PRINT USING 12410 ; TCLCH
IMAGE " 8 . TEMP. OF LEACH (C) = ",DDD.D
PRINT USING 12430 ; TCSUL
IMAGE "9 . TEMP. OF SULPHIDE. TANKS (C) = ",DDD.D
PRINT USING 12450 ; AHMSULPHATH
IMAGE "10 . AMMONIA-SULPHATE IN LEACH, ( g /1 )  = ".DDDD.D
PRINT USING 12470 ; MANGAN
IMAGE "1 1 . DESIRED MN IN LEACH, ( g /1 )  = ",DDD.D
PRINT USING 12490 ; NH42SQ




PRINT " ....................... "
PRINT USING 38060 ; MNANM,ACID, EFFC 
DLSP USING 38060 ; MNANM,ACID,EFFC 
IMAGE "MN OUT = ".DDD.DD," g /1 " ,/"A C ID  OUT
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APPENDIX N NOMENCLATURE
N o te : C o n c e n t ra t io n s  o f  s p e c i e s ,  su c h  as Ma2+ and NIl^SO^, a r e  w r i t t e n  
a s  Mn and NH^SO^ w ith o u t  t h e  c h a r g e s , and h av e  u n i t s  o f  km ole/m 3 . T o ta l  
com ponent c o n c e n t ra t io n s  a re  w r i t t e n  a s  MAHp, AMHp and  SULPftp i n  t h e  same
WJ
=k
A rea  o f  f lo w  th ro u g h  membrane 
N orm al s o lv e n t  c o n s ta n t .
M o d ifie d  s o lv e n t  c o n s ta n t .
N orm al s o lv e n t  c o n s ta n t .
M o d ifie d  s o lv e n t  c o n s ta n t .
C o n c e n t ra t io n  o f  c h a rg e d  s p e c ie s  j , 
C o n c e n t ra t io n  o f  u n c h arg ed  s p e c ie s  k . 
C o n c e n t ra t io n  o f  s p e c ie s  i .  
C o n c e n t ra t io n  o f  s p e c ie s  j  .In membrane. 
Total Co c o n c e n t r a t io n .
C o n s ta n t i n  c a th o d e  k i n e t i c  e q u a t io n . 
C o n s ta n t i n  im p u r i ty  e f f e c t  e x p re s s io n . 
T h ic k n e s s  o f  membrane.
D if fu s io n  c o e f f i c i e n t  o f  s p e c ie s  j  
S ta n d a rd  e le c tr o c h e m ic a l  p o t e n t i a l .  
E le c tr o c h e m ic a l  p o t e n t i a l  d ro p . 
F a r a d a y 's  c o n s ta n t  = 96500.
F a r a d a y 's  c o n s ta n t  = 96500000.
O re fe e d  r a t e .
Mole f r a c t i o n  in  oxygen g a s ,
H ydrogen io n  c o n c e n t r a t io n .
(m V km ole)5
( a ’ /k m o le )^
(m3/km ole)^ /A ng







c o u l/m o le
c o u l/k m o le
km ole/m 3
A ppendix N
I  T o ta l  c u r r e n t .
I ^  C u r r e n t  d e n s i ty .
E q u il ib r iu m  c o n s ta n t s .
Ksm>Ksc,Kmneq S o l u b i l i t y  p r o d u c t c o n s ta n t s .
K c,K a,K h E x p e r im e n ta l ly  d e te rm in e d  e q u i l ib r iu m  r a t i o s
Kmn F i t t e d  s o l u b i l i t y  p ro d u c t r a t i o .
L . D is ta n c e  o v e r  c u r r e n t  p a th .
L e f f  L each  e f f i c i e n c y .
M frac  T o ta l  Mn f r a c t i o n  in  o r e .
Mn M anganese c o n c e n t ra t io n .
M nexit T o ta l  Mn c o n c e n t ra t io n  in  le a c h .
Mnin T o ta l  Mn c o n c e n t ra t io n  in  c e l l  e x i t .
M n lost Mn l o s t  i n  f i l t e r  c ak e .
P j E f f e c t i v e  io n  d ia m e te r  p a ra m e te r .
Q T o ta l  s o lu t io n  f lo w ra te .
Qi  F lo w ra te  p e r  c e l l  i n  s e c t i o n  i .
0^ Flow o f  ammonium s u lp h id e  p e r  m1 s o lu t io n .
R Gas c o n s ta n t  = 8 .3 1 4 .
E Gap c o n s ta n t  *  1 .9 8 7 .
T T em p era tu re .
Tc T em p era tu re  i n s  i e  c a th o d e  com partm ent
Ohmic v o l t  d ro p .
Wj M olar f lu x  s p e c ie s  j .
y^  Mole f r a c t i o n  in  h yd rogen  g a s .
Zj U n it  c h a rg e  on  s p e c ie s  j .
B E m p ir ic a l  d i e l e c t r i c  c o n s ta n t .
Yj A c t iv i t y  c o e f f i c i e n t  o f  s p e c ie s  j .
e V oidage in  membrane.
Kj, S o lu t io n  c o n d u c ta n ce .
k*  A verage  s o lu t io n  c o n d u c ta n ce  i n  membrane.
V S o lu t io n  io n i c  s t r e n g th .
6 C u r r e n t  e f f i c i e n c y  as a f r a c t i o n .
km ole/m 1
A ngstrom s.
m‘ / h r
m’ / s
m’ /m 3 s o ln .
J /O o le .R )
c a l/(m o le .K ]
°K
°C
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S u b s c r ip ts
s Anode o r  Anode com partm en t.
c  C athode o r  c a th o d e  com partm en t.
£ F eed  s tr e a m ,
h  H ydrogen,
i  G en e ra l c h a r a c t e r i s t i c ,
j  C harged s p e c ie ,
k  U ncharged s p e c ie .
t L each ,
m Membrane,
n  Ammonia,
s  S u lp h id e .
w W ate r.
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